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ABSTRACT 
Two p u t a t i v e methods t o deal w i t h t h e problems caused 
by t o x i c t r a c e m e t a l s were examined. F i r s t l y , E s c h e r i c h i a 
c o l i c e l l s i n t o which had been cl o n e d a gene thought t o 
encode a m e t a l - b i n d i n g p r o t e i n were examined. I t i s hoped 
t h a t by such methods i t may be p o s s i b l e t o clone metal 
r e s i s t a n c e i n t o b a c t e r i a . Secondly, an approach was 
made t o de t e r m i n e t h e f e a s a b i l i t y o f u s i n g i m m o b i l i s e d 
p l a n t metal b i n d i n g p e p t i d e s f o r t h e c l e a r a n c e o f t o x i c 
m e t a l s from waste streams. Using t h i s second approach, 
p r e v i o u s l y u n a v a i l a b l e i n f o r m a t i o n on t h e m e t a l - b i n d i n g 
c h a r a c t e r i s t i c s o f (gammaEC)nG has been o b t a i n e d . These 
d a t a have i m p l i c a t i o n s f o r t h e p h y s i o l o g y and b i o c h e m i s t r y 
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I . GENERAL INTRODUCTION 
The c a r e l e s s d i s p o s a l o f wastes contaminated w i t h t o x i c t r a c e metals 
i s a problem which governments are having t o r e c o g n i s e as a s e r i o u s 
t h r e a t t o t h e e n v i r o n m e n t . R e c e n t l y , t h e r e has been an agreed commitment 
t o d r a m a t i c a l l y reduce t h e l e g a l l i m i t s f o r l e v e l s o f Cd d e p o s i t e d i n t o 
t h e N o r t h Sea (Pearce 1988). The f o l l o w i n g r e p o r t i s an examination o f 
two p o s s i b l e approaches which c o u l d be a p p l i e d t o d e a l i n g w i t h t o x i c 
t r a c e m e t a l s f r o m i n d u s t r i a l wastes. 
The f i r s t p a r t o f t h e p r o j e c t i n v o l v e s t h e a n a l y s i s o f b a c t e r i a i n t o 
w h i c h a s y n t h e t i c gene, designed t o encode a p u t a t i v e m e t a l - b i n d i n g 
p r o t e i n , has been c l o n e d . I t i s hoped t h a t by c l o n i n g such genes i n t o 
n o n - r e s i s t a n t organisms t h a t r e s i s t a n c e may be c o n f e r r e d on them. T h i s 
c o u l d l e a d t o t h e p r o d u c t i o n o f b a c t e r i a o r yeasts w i t h i n creased metal 
r e s i s t a n c e f o r d e t o x i f i c a t i o n o f v a r i o u s i n d u s t r i a l e f f l u e n t s . The 
second approach i n v o l v e s t h e attachment o f m e t a l - b i n d i n g p o l y p e p t i d e s 
f r o m p l a n t c e l l s o n t o cyanogen b r o m i d e - a c t i v a t e d Sepharose, w i t h t h e aim 
o f s u b s e q u e n t l y p r o d u c i n g m e t a l - a f f i n i t y m a t r i c e s which are capable o f 
removing m e t a l s f r o m c o n t a m i n a t e d waste streams. 
T o x i c i t y o f t r a c e m e t a l s 
The t o x i c i t y o f heavy m e t a l s , p a r t i c u l a r l y Pb and Cd, has been w i d e l y 
researched i n r e c e n t y e a r s . Many revi e w s e x i s t on t h e d e t r i m e n t a l 
e f f e c t t h a t exposure t o t o x i c t r a c e m e t a l s , p a r t i c u l a r l y c h r o n i c 
exposure, can have on human h e a l t h (Brockhaus e t a l 1988 ; Davison e t a1 
1968) 
Sources o f Cd 
Cd i s one o f t h e most t o x i c o f t h e t r a c e m e t a l s , and w i l l be focused 
on i n t h i s r e p o r t . I t i s a s i l v e r w h i t e d u c t i l e m e t a l , w i t h m e l t i n g 
p o i n t 32IOC, which e m i t s h i g h l y t o x i c fumes o f Cd and CdOz a t 
s u f f i c i e n t l y h i g h t e m p e r a t u r e s . The i n d u s t r i a l uses o f Cd i n c l u d e i t s 
a p p l i c a t i o n as a p r o t e c t i v e .coating t o o t h e r m e t a l s ; i t s use as an a l l o y 
w i t h Cu t o which i t i m p a r t s s t r e n g t h w i t h o u t i m p a i r i n g e l e c t r i c a l 
c o n d u c t i v i t y ; as a n e u t r o n absorber i n n u c l e a r r e a c t o r s ; and as a 
c o n s t i t u e n t o f low m e l t i n g p o i n t a l l o y s used i n such items as t h e t i p s 
o f f i r e s p r i n k l e r s , s a f e t y p l u g s and e l e c t r i c a l f u s e s . I n a d d i t i o n , Cd 
compounds a r e o f t e n used as pigments i n t h e p r o d u c t i o n o f p a i n t s , 
p l a s t i c s , r u b b e r , i n k s and g l a s s . Mining and s m e l t i n g o f v a r i o u s o t h e r 
m e t a l s c o n s t i t u t e s a f u r t h e r e n v i r o n m e n t a l source o f Cd. 
A major n o n - o c c u p a t i o n a l source t o humans i s c i g a r e t t e smoking ( v i a 
a g r i c u l t u r a l a p p l i c a t i o n o f C d - c o n t a i n i n g agrochemicals t o tobacco 
f i e l d s ) . A s m a l l amount (up t o 50 ug day-M may be a t t r i b u t e d t o 
d i e t a r y i n t a k e . Legal l i m i t s f o r o c c u p a t i o n a l Cd exposure r e f l e c t i t s 
h i g h t o x i c i t y and are s e t e x t r e m e l y low (0.05 mg m-3 , 8 h time-weighted 
average [ H e a l t h & S a f e t y E x e c u t i v e 1 9 8 6 ] ) . 
E l f f e c t s o f Cd on human h e a l t h 
The main a c u t e e f f e c t s o f Cd exposure are r e s p i r a t o r y ( a f t e r 
i n h a l a t i o n ) o r g a s t r o - i n t e s t i n a l ( a f t e r i n g e s t i o n ) . Fumes o f Cd cause 
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i r r i t a t i o n o f t h e eyes, nose and t h r o a t , f o l l o w e d by coughing, headache, 
c h i l l s , f e v e r and b r e a t h l e s s n e s s . Pulmonary damage may be.delayed f o r 
s e v e r a l days, and may be accompanied by damage t o l i v e r an.d kidneys. 
Several f a t a l i t i e s have r e s u l t e d f r o m s h o r t term exposure t o h i g h Cd 
c o n c e n t r a t i o n s (Beton e t a l 1966). Chronic exposure t o Cd i s a s s o c i a t e d 
w i t h slow a c c u m u l a t i o n i n t h e r e n a l c o r t e x causing a b n o r m a l i t y a t a 
c r i t i c a l l e v e l t h o u g h t t o be about 200 t o 400 ppm. ( H e a l t h and Safety 
E x e c u t i v e 1986). Long t e r m exposure can a l s o r e s u l t i n m a l f o r m a t i o n o f 
bone t i s s u e , l e a d i n g t o " I t a i I t a i " d i sease ( C h r i s t o p h e r s o n e t a l 1988) 
where t h e bones become extemely b r i t t l e r e s u l t i n g i n m u l t i p l e f r a c t u r e s 
t o t h e arms and l e g s . There i s a l s o some evidence t h a t c h r o n i c exposure 
may be a s s o c i a t e d w i t h i n c r e a s e d i n c i d e n c e o f cancer o f t h e p r o s t a t e 
(Lemen e t a l 1976). S t u d i e s on t h e m u t a g e n i c i t y o f Cd have shown t h a t 
i t w i l l b r i n g about c e l l t r a n s f o r m a t i o n i n v i t r o a t c o n c e n t r a t i o n s o f 
< 1 ^ i n c u l t u r e s o f S y r i a n hamster embryo c e l l s ( D i Paolo & Casto 1979). 
I t has been demonstrated t h a t Cd w i l l d i r e c t l y damage DNA, by use o f 
t h e Rec" assay i n B a c i 1 l u s s u b t i 1 i s ( N i s h i o k a 1975). I n v i t r o s t u d i e s 
on Cd a d m i n i s t r a t i o n t o mammalian c e l l s have shown increased occurrence 
o f chromosomal a b e r r a t i o n s , though o n l y a t very h i g h c o n c e n t r a t i o n s . I n 
v i v o s t u d i e s i n mice and r a t s have r e v e a l e d some evidence o f t h e 
i n d u c t i o n o f c a n c e r s , p a r t i c u l a r l y t e s t i c u l a r , when Cd i s a d m i n i s t e r e d 
p a r e n t e r a l l y (Gunn e t a l 1963). E x t e n s i v e i n v e s t i g a t i o n of p o s s i b l e 
t e r a t o g e n i c e f f e c t s o f Cd has produced o n l y s l i g h t evidence t h a t Cd i s 
f e t o t o x i c when a d m i n i s t e r e d o r a l l y (Webster 1978). P a r e n t e r a l 
a d m i n i s t r a t i o n , however, has been shown t o cause major d e f e c t s t o 
d e v e l o p i n g r a t and mouse f o e t u s e s (Samarawickrama & Webb 1979). 
Many o f t h e t o x i c e f f e c t s b r ought about by Cd a r e t h e r e s u l t o f an 
e f f e c t on Zn metabolism, and i n some cases a d m i n i s t r a t i o n p,f Zn can 
a m e l i o r a t e t h e t o x i c e f f e c t s o f Cd (Gunn e t a l 1963). Zn, which i s 
known t o be a c o - f a c t o r t o over two hundred enzymes, i s i m p o r t a n t i n 
many d i v e r s e c e l l u l a r processes. Of those elements encountered a t t h e 
a c t i v e s i t e o f enzymes, Zn i s t h e o n l y one which p a r t i c i p a t e s w i t h 
r e p r e s e n t a t i v e s o f a l l s i x c l a s s e s o f enzyme ( o x i d o r e d u c t a s e s , 
t r a n s f e r a s e s , h y d r o l a s e s , l y a s e s , isomerases and l i g a s e s - lUB 
c l a s s i f i c a t i o n ) . The key r o l e o f Zn i n enzyme a c t i v i t y i s considered t o 
be i n t h e f o r m a t i o n and s t a b i l i s a t i o n o f p r o t e i n secondary s t r u c t u r e , 
o f t e n t h r o u g h t h e f o r m a t i o n o f "Zn f i n g e r s " ( M i l l e r e t a l 1985). 
T h e r e f o r e , Zn has a key r o l e i n t h e m e t a b o l i c and p r o l i f e r a t i v e s t a t u s 
o f t h e c e l l , v i a a c t i o n s on DNA r e p l i c a t i o n , RNA t r a n s c r i p t i o n , and 
p r o t e i n s y n t h e s i s and d e g r a d a t i o n ( V a l l e e 1987). Displacement o f Zn by 
Cd can i n a c t i v a t e Z n - r e q u i r i n g enzymes, and t h e r e f o r e can have a 
d r a m a t i c e f f e c t on c e l l metabolism. 
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I I . ATTEMPTED CLONING FOR METAL RESISTANCE IN BACTERIA. 
I n t r o d u c t i on. 
The t o x i c m e t a l s c o n t a i n e d i n v a r i o u s i n d u s , t r i a l wastes can 
become t h e l i m i t i n g f a c t o r f o r b a c t e r i a l g rowth, and thus i n h i b i t t h e 
d e g r a d a t i v e organisms which would o t h e r w i s e be i n s t r u m e n t a l i n 
d e t o x i f y i n g and b r e a k i n g down o t h e r t o x i c molecules (Omberek e t a l 
1985). D i s p o s a l o f such heavy metal contaminated wastes i n t o t he sewage 
system can a l s o r e s u l t i n decreased b a c t e r i a l a c t i v i t y a t water 
t r e a t m e n t works ( R a n d a l l 1984), t h e r e f o r e slower breakdown o f domestic 
wastes. 
Several approaches have been made i n an a t t e m p t s o l v e t h i s problem 
(Macasckie e t a l 1986, K i f f & L i t t l e 1985). One proposed method, t h a t 
o f removal o f t h e metal i o n p r i o r t o d i s p o s a l , w i l l be d e a l t w i t h l a t e r . 
The approach o u t l i n e d here i s an a t t e m p t t o g e n e t i c a l l y modify b a c t e r i a 
t o induce metal t o l e r a n c e . 
The t e s t organism used i n t h e s e experiments was t h e b a c t e r i u m 
E s c h e r i c h i a c o l i . s i n c e t h i s organism r e p r e s e n t s t h e s i m p l e s t system f o r 
c l o n i n g and m a n i p u l a t i o n o f genes. The means t o a t t e m p t t o b r i n g about 
heavy metal r e s i s t a n c e was t o c l o n e i n t o E. c o l i a s y n t h e t i c gene 
encoding a m e t a l - b i n d i n g p r o t e i n . The s t r u c t u r e o f the p r o t e i n product 
o f t h e s y n t h e t i c gene mimics t h a t o f m e t a l - b i n d i n g p o l y p e p t i d e s 
(gammaEC)nG, produced by h i g h e r p l a n t s i n response t o c h a l l e n g e w i t h 
heavy m e t a l s . I t s s t r u c t u r e i s shown i n F i g u r e 1. 
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Met-Glu-Cys-Glu-Cys-Glu-Cys-Gly 
F i g u r e 1. The s y n t h e t i c p r o t e i w . 
T h i s p r o t e i n d i f f e r s f r o m (gammaEC)nG i n t h a t whereas i n t h e p l a n t 
p r o d u c t , g l u t a m a t e and c y s t e i n e r e s i d u e s are l i n k e d v i a gamma-g1utamyl 
carboxamide bonds, t h e p r o d u c t o f t h e s y n t h e t i c gene r e s u l t s from t h e 
t r a n s l a t i o n o f mRNA, and t h e r e f o r e c o n t a i n s e x c l u s i v e l y alpha-
carboxamide l i n k a g e s . D e r a i l s o f c o n s t r u c t i o n o f the c l o n i n g v e c t o r 
( p HI-28) can be found i n Appendix 1. The gene was cloned i n f r o n t o f 
t h e pho A promoter and s i g n a l sequences. Pho A. p a r t o f the pho r e g u l o r 
o f E. C O 1 i . encodes a p e r i p l a s m i c a l k a l i n e phosphatase under the c o n t r o l 
o f t h e Pho A promoter. The p r i m a r y gene p r o d u c t has a 21 amino a c i d 
l e a d e r sequence (M i c h a e l i s & Beckwith 1982: 436 f i g . 2 ) , which has been 
shown t o d i r e c t t h e p e p t i d e t o t h e p e r i p l a s m i c space, where i t i s then 
c l e a v e d ( I n o u y e e t a l 1982 ; Michael i s e t a l 1983). Expression o f the 
pho r e g u l o n i s under c o n t r o l o f e x t e r n a l phosphate l e v e l s , being 
s w i t c h e d on i n c o n d i t i o n s o f phosphate d e p r i v a t i o n . Expression has been 
shown t o be maximal 15 t o 20 min a f t e r t h e onset o f phosphate 
d e p r i v a t i o n (Case e t a l 1986). I t was t h u s hoped t h a t i n d u c t i o n o f 
t r a n s l a t i o n o f t h e s y n t h e t i c p r o t e i n p r o d u c t (by growth i n a low 
phosphate medium) would g i v e r i s e t o a f u s i o n p r o t e i n which would be 
d i r e c t e d t o t h e p e r i p l a s m i c space. Metal i o n s c o u l d t h e r e f o r e be 
c h e l a t e d i n t h e p e r i p l a s m i c space by t h e s y n t h e t i c gene p r o d u c t , 
a l l o w i n g growth i n h i g h c o n c e n t r a t i o n s o f heavy m e t a l s , and f u r t h e r m o r e , 
removal o f m e t a l s f r o m s o l u t i o n . I f t h e c e l l produces t h e s y n t h e t i c 
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p r o d u c t , t h e r e may a l s o be t h e p o s s i b i l i t y o f e x t r a c t i o n o f t h e p r o t e i n 
f o r use i n t h e c o n s t r u c t i o n o f metal a f f i n i t y " m atrices, which w i l l be 
d i s c u s s e d i n S e c t i o n I I . 
T o x i c metal r e s i s t a n c e i n b a c t e r i a . 
N a t u r a l l y o c c u r r i n g mechanisms which b a c t e r i a have evolved i n o r d e r 
t o grow i n t o x i c m e t a l - c o n t a m i n a t e d environments are g e n e r a l l y p l a s m i d -
encoded ( M i l l e r & Harmon 1967). However, b a c t e r i a are a l s o able t o 
adapt p h y s i o l o g i c a l l y t o i n c r e a s i n g c o n c e n t r a t i o n s o f Cd as w e l l as 
o t h e r m e t a l s , v i a changes i n c e l l w a l l t r a n s p o r t mechanisms, and the 
i n d u c t i o n o f r e p a i r enzymes ( M i t r a & B e r n s t e i n 1977). P r o d u c t i o n o f 
m e t a l - c h e l a t i n g molecules by p r o k a r y o t i c c e l l s i s found i n species of 
c y a n o b a c t e r i a , some o f which ha;ve been shown t o produce c l a s s I I 
m e t a l l o t h i o n e i n s ( O l a f s o n e t a l 1988). Higham e t a l (1984) have 
demonstrated t h e e x i s t e n c e o f a Cd a s s o c i a t e d p r o t e i n i n Pseudomonas 
p u t i d a . a l t h o u g h t h i s d i f f e r s a g r e a t deal from a l l o f t h e m e t a l -
c h e l a t i n g p r o t e i n s so f a r i s o l a t e d . 
Plasmid-encoded metal r e s i s t a n c e i n b a c t e r i a i s more o f t e n 
a s s o c i a t e d w i t h m o d i f i c a t i o n o f i o n t r a n s p o r t systems. For example, the 
Sta p h y l o c o c c u s aureus energy-dependant Mn t r a n s p o r t system (by which Cd 
e n t e r s t h e c e l l ) i s modulated by t h e plasmid-encoded cad A and cad B 
genes i n such a way t h a t Cd i o n s are e x p e l l e d from t h e c e l l and do not 
accumulate ( S m i t h & Novick 1972). E . c o l i has not been demonstrated t o 
produce a m e t a l - c h e l a t i n g p r o t e i n , t h e r f o r e , i t i s necessary f o r 
s u c c e s s f u l c l o n i n g o f t h e s y n t h e t i c gene t h a t t h e c e l l i s able t o deal 
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w i t h t h e s y n t h e t i c p r o t e i n . T h i s i s dependant on s e v e r a l f a c t o r s : The 
gene must be p r o p e r l y t r a n s c r i b e d and t r a n s l a t e d ( T h i s has.been 
demonstrated f o r o t h e r p r o t e i n f u s i o n s u s i n g t h e same clon.ing v e c t o r ; 
P. Lee u n p u b l i s h e d r e s u l t s ) , and t h e p r o t e i n produced must not i n t e r f e r e 
w i t h o t h e r c e l l u l a r processes. I f t r a n s p o r t t o t h e p e r i p l a s m i s 
f a c i l i t a t e d t h e r e i s g r e a t e r chance o f metal i o n c h e l a t i o n and 
d e t o x i f i c a t i o n w i t h o u t i n t e r f e r a n c e o f t h e t o x i c metal on o t h e r c e l l u l a r 
p rocesses. 
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M a t e r i a l s and methndR 
Media and b u f f e r s . 
2XL medium ( f o r 1 l i t r e ) 
20 g t r y p t i c a s e 
10 g y e a s t e x t r a c t 
1 g NaCl pH 7 w i t h NaOH 
( a u t o c l a v e d ) 
10 ml 20 % (w/v) g l u c o s e . 
S.T.E. b u f f e r . 
10 mM t r i s , pH 8 
100 mM NaCl 
1 mM EDTA, pH 8 
2. Low phosphate medium. 
(Gerdes and Rosenberg 1973) 
50 mM t r i s , pH 7 
10 mM KCl 0.4 mM MgS04 
10 mM (NH4 )2S04 
0.^% (w/v) yeast e x t r a c t 
20 mM glucose 
1 mM methioni n e 
E. c o l i RR1 Requirements: 
added as 5 ml o f 
0.2 g p r o l i n e 
0.1 g l e u c i n e 
0.5 mg t h i a m i n e 
4. 20X SSC ( f o r 1 l i t r e ) 
175.3 g NaCl 
88.2 g c i t r i c a c i d 
pH 7.0 w i t h 10 N NaOH 
1 5 
5 . R e s t r i c t i o n b u f f e r (medium) 
5 0 mH NaCl 
1 0 mM t r i s C I , pH 7 . 5 
1 0 mM MgCl2 
1 mM D i t h i o t h r e i t o l 
6 . T.E.buffer. D H 8 
1 0 mM t r i s C I , pH 8 
1 mM EDTA, pH 8 
P r e p a r a t i o n o f f r o z e n p r o t o p l a s t s o f E. c o l i (competent c e l l s ) . 
E. c o l i s t r a i n R R 1 was made competent f o r t r a n s f o r m a t i o n using the 
p r o t o c o l o f D. Denny (U n p u b l i s h e d r e s u l t s ) . An a l i q u o t 
( 2 ml) o f an o v e r n i g h t c u l t u r e o f E c o l i was added t o 1 0 0 ml o f pre-
warmed 2 X L medium ( 3 0 ^ C ) . T h i s was i n c u b a t e d a t 3 0 °C u n t i l t h e ODeoo 
was a p p r o x i m a t e l y 0 . 2 t h e n 2 M MgClz added t o g i v e a f i n a l c o n c e n t r a t i o n 
o f 2 0 mM. I n c u b a t i o n was c o n t i n u e d u n t i l ODeoo was 0 . 5 , and t h e c e l l s 
were c o o l e d on i c e f o r 2 h. 
A l i q u o t s ( 5 0 m l ) o f t h e c e l l s were t h e n c e n t r i f u g e d a t 3 0 0 0 g f o r 1 0 
min (M.S.E. High Speed 1 8 c e n t r i f u g e ) , t h e s u p e r n a t a n t was removed, and 
t h e c e l l s resuspended i n one h a l f t h e o r i g i n a l volume o f i c e - c o l d 1 0 0 mM 
C a C l 2 , 7 0 mM MnClz, 4 0 mM NaAc, pH 5 . 5 . The suspension was then 
i n c u b a t e d on i c e f o r 4 0 min p r i o r t o being c e n t r i f u g e d a t 1 4 0 0 g (M.S.E. 
High Speed 1 8 ) . The c e l l s were then g e n t l y resuspended i n 5 ml of the 
same b u f f e r c o n t a i n i n g ^5% ( v / v ) g l y c e r o l . A l i q u o t s ( 0 . 2 ml) were 
t r a n s f e r r e d t o 1 . 5 ml Eppendorfs and f r o z e n i n l i q u i d n i t r o g e n ( 5 m i n ) . 
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The competent c e l l s were s t o r e d a t -80 °C. 
T r a n s f o r m a t i o n o f competent c e l l s . 
P r i o r t o t r a n s f o r m a t i o n o f c e l l s w i t h t h e pHI-28-plasmids, t he 
t r a n s f o r m a t i o n e f f i c i e n c y o f t h e c e l l s was t e s t e d u s i n g unmodified pBR 
322, encoding a m p i c i l l i n r e s i s t a n c e . A m p i c i 1 1 i n - c o n t a i n i n g agar p l a t e s 
were made u s i n g 2XL agar w i t h 2 ml l i t r e - ^ o f a 50 mg ml-' s o l u t i o n o f 
a m p i c i l l i n . The competent c e l l s prepared as above were tr a n s f o r m e d w i t h 
12.6 ng pBR 322 ( i n a volume o f 100 ^ 1 ) u s i n g t h e f o l l o w i n g procedure 
(D. Denny, u n p u b l i s h e d r e s u l t s ) : 
1. C e l l s were thawed on i c e and used immediately on thawing. 
2. pBR 322 DNA (12.6 ng i n a volume o f 100 ^ 1 ) was added t o the c e l l s 
and t h e m i x t u r e l e f t on i c e f o r 30 min. 
3. The m i x t u r e was heat-shocked a t 37<'C f o r 5 min and pre-warmed 
(37 °C) 2XL medium added t o g i v e a f i n a l volume o f 4 ml. 
4. The c e l l s were shaken f o r 100 min a t 37 and then p l a t e d on 
YT amp* p l a t e s . 
As a c o n t r o l , normal E. c o l i c e l l s and untransformed competent c e l l s 
on 2XL amp+ p l a t e s . T r a n s f o r m a t i o n o f E. c o l i w i t h t h e s y n t h e t i c gene-
c o n t a i n i n g p l a s m i d s was done u s i n g t h e same p r o t o c o l as above. About 10 
ng ( p r e c i s e amount n o t known) o f pla s m i d DNA was added t o the competent 
c e l l s i n a volume o f 100 ^ 1 and t r a n s f o r m e d c e l l s s e l e c t e d on 2XL p l a t e s 
c o n t a i n i n g kanamycin. 
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I s o l a t i o n o f p1asm1d DNA ( m i n i - p r e p s ) . 
Plasmid m i n i - p r e p s were made f o r each o f the pHI-28-SG clones u s i n g 
t h e a l k a l i n e l y s i s method o f M a n i a t i s e t a l (1982) : 
1. A 10 ml o v e r n i g h t c u l t u r e o f each c l o n e was grown up i n 2XL 
medium c o n t a i n i n g kanamycin. 
2. C e l l s f r o m 1.5 ml o f t h e c u l t u r e were t r a n s f e r r e d t o an Eppendorf 
and h a r v e s t e d by c e n t r i f u g a t i o n i n an MSE Mi c r o c e n t a u r c e n t r i f u g e . 
3. The p e l l e t was resuspended i n 100 ji^ o f 50 mM glucose, 10 mM EDTA 
and 25 mM T r i s (pH 8 ) . 
4. A f t e r 5 min i n c u b a t i o n a t room t e m p e r a t u r e , 2 0 0 ^ 1 of 0.2 N 
NaOH c o n t a i n i n g ^% ( v / v ) sodium dodecyl s u l p h a t e was added and 
th e t u b e s t o r e d on i c e f o r 5 min. 
5. An a l i q u o t ( 1 5 0 ^ 1 ) o f potassium a c e t a t e s o l u t i o n (made up as 
shown above) was added, and t h e tube v o r t e x e d g e n t l y i n an i n v e r t e d 
p o s i t i o n f o r 10 s. T h i s was the n s t o r e d on i c e f o r 5 min before 
c e n t r i f u g a t i o n i n an MSE M i c r o c e n t a u r c e n t r i f u g e . The superna t a n t 
was removed and t r a n s f e r r e d t o a f r e s h tube. 
6. An equal volume o f phenol/ch1oroform was added and, a f t e r 
c e n t r i f u g a t i o n f o r 2 min, t h e s u p e r n a t a n t was t r a n s f e r r e d t o a 
f r e s h t u b e . 
7. Two volumes o f e t h a n o l were added and t h e tube l e f t a t room 
t e m p e r a t u r e f o r 2 min. . 
8. A f t e r c e n t r i f u g a t i o n f o r 5 min, t h e s u p e r n a t a n t was removed 
and ^ m^ 70 % ( v / v ) e t h a n o l added. The p e l l e t was resuspended by 
v o r t e x i n g f o r 2 min and r e - p e l l e t e d by c e n t r i f u g a t i o n . This 
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was r e p e a t e d and t h e p e l l e t d r i e d under vacuum i n a d e s i c c a t o r . 
D i g e s t i o n o f p l a s m i d DNA w i t h r e s t r i c t i o n endonuclease. 
Plasmid DNA f r o m m i n i - p r e p s prepared as above were r e s t r i c t e d 
a c c o r d i n g t o t h e method o f M a n i a t i s e t a l ( 1982). T.E. b u f f e r ( 5 0 ^ 1 , 
pH 8) c o n t a i n i n g 20 jjg ml"'' DNase-free p a n c r e a t i c RNase was added and 
t h e tube v o r t e x e d b r i e f l y . To 10 ^1 o f t h i s s o l u t i o n , 1.2 ;J1 of 
r e s t r i c t i o n b u f f e r and 1 u n i t o f r e s t r i c t i o n enzyme was added. This was 
t h e n i n c u b a t e d a t 37 "C f o r 2 h. 
Gel e l e c t r o p h o r e s i s o f r e s t r i c t e d DNA. 
R e s t r i c t e d DNA was analysed by agarose gel e l e c t r o p h o r e s i s using the 
method o f M a n i a t i s e t a l ( 1 9 8 2 ) . Gels were prepared usin g 1.5 % (w/v) 
agarose d i s s o l v e d i n T.B.E. p l u s 10 u l e t h i d i u m bromide and DNA was 
s e p a r a t e d by e l e c t r o p h o r e s i s i n t a n k s w i t h volumes of 400 ml ( m i n i - g e l s ) 
or 2 l i t r e s ( f u l l - s i z e d g e l s ) c o n t a i n i n g T.B.E p l u s 100 ^ 1 e t h i d i u m 
bromide. A v o l t a g e o f 120 v or 50 v was a p p l i e d , and the gel run f o r 5 
h or 12 h r e s p e c t i v e l y . Gels were photographed under u l t r a v i o l e t l i g h t 
u s i n g an a p e r t u r e o f 1.8 and a 1 s. exposure. 
T e s t i n g c l o n e s f o r Cd s e n s i t i v i t y 
Clones were t e s t e d f o r s e n s i t i v i t y t o Cd by growth i n m i c r o - t i t r e 
p l a t e s , u s i n g t h e f o l l o w i n g method : 
C e l l s t o be t e s t e d were grown o v e r n i g h t i n 10 ml c u l t u r e s of 2XL medium, 
and an a l i q u o t o f t h e o v e r n i g h t c u l t u r e (500 |J1) used t o i n i t i a t e 10 ml 
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l o g p h a s e . c u l t u r e s i n t h e same medium. A f t e r 4 h growth, 1.5 ml o f the 
log-phase c e l l s was c e n t r i f u g e d a t h i g h speed i n an M.S.E. Micro-Centaur 
miorofuge." The c e l l s were washed t w i c e i n s t e r i l e S.T.E. b u f f e r , 
resuspended i n low phosphate medium and in c u b a t e d a t 37 "C f o r 10 min 
A f t e r 10 min i n c u b a t i o n , 10 ^ 1 ( o r 5 j)jl f o r s m a l l e r i n o c u l a ) o f the c e l l 
s uspension was added t o 990 u l a l i q u o t s o f low phosphate medium ( w i t h 
kanamycin) c o n t a i n i n g v a r i o u s c o n c e n t r a t i o n s o f Cd. Immediately on 
i n o c u l a t i o n w i t h t h e c e l l s t h e C d - c o n t a i n i n g medium was vor t e x - m i x e d , 
and 300 ^ 1 o f t h e c e l l suspension was p i p e t t e d i n t o a w e l l o f a 
m i c r o t i t r e p l a t e . P l a t e s were th e n i n c u b a t e d a t 37 oc f o r 24 h and c e l l 
g rowth measured as a f u n c t i o n o f c e l l d e n s i t y by measuring ODeoo using a 
T i t r e t e k p l a t e reader (Flow L a b o r a t o r i e s ) 
I n i n i t i a l t e s t s no l o g phase c u l t u r e was s e t up, the c e l l s being 
t r e a t e d as above t h e r e a f t e r . 
P r e p a r a t i o n o f b a c t e r i a l e x t r a c t s and HPLC a n a l y l i s . 
E x t r a c t s were made o f s e v e r a l o f t h e SG clones (numbers 1, 3, 7, 11, 
22 and 23) t o t e s t f o r p r o d u c t i o n o f the gene p r o d u c t . O v e r n i g h t 
c u l t u r e s o f each c l o n e were prepared by growth i n low phosphate medium 
c o n t a i n i n g kanamycin and t h e c e l l s h a r v e s t e d by c e n t r i f u g a t i o n (3000 g, 
10 min. MSE High Speed 18 c e n t r i f u g e ) . The c e l l s were resuspended i n 
100 ^ 1 o f e x t r a c t i o n b u f f e r c o n t a i n i n g 36 u l o f 2 mercapto-ethanol 
( f i n a l m o l a r i t y 10.18 M) and 50 y j l 3 M HCl. A f t e r s o n i c a t i o n f o r 1 min 
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on i c e (MSE Soniprep 150), c e l l d e b r i s was removed by c e n t r i f u g a t i o n (4 
min. h i g h speed i n MSE M i c r o c e n t a u r Eppendorf c e n t r i f u g e ) . The 
s u p e r n a t a n t was f i l t e r e d though a C e n t r i c o n 30 M i c r o c o n c e n t r a t o r 
f i l t r a t i o n u n i t ( c u t o f f 30000 Da.) and analysed by HPLC. HPLC a n a l y s i s 
was performed u s i n g t h e method d e s c r i b e d f o r p l a n t c e l l s i n the 
f o l l o w i n g s e c t i o n . 
I s o l a t i o n o f t o t a l RNA. 
RNA was i s o l a t e d f r o m E. c o l i u s i n g t h e method o f Kornblum e t a l 
(1 9 8 7 ) . C e l l s were grown i n 10 ml o f 2XL c o n t a i n i n g kanamycin f o r 14 h, 
1.5 ml removed t o an Eppendorf, and h a r v e s t e d by c e n t r i f u g a t i o n (3 min 
h i g h speed i n MSE M i c r o c e n t a u r ) . A f t e r removal o f t h e su p e r n a t a n t , 100 
fJ^ o f l y s i s b u f f e r was added and t h e c e l l s i n c u b a t e d on i c e f o r 10 min. 
L y s i s o f t h e c e l l s was the n completed by t h e a d d i t i o n o f 100 jJ^ o f SDS. 
P r o t e i n a s e K (10 ^ 1 o f a 5 mg ml"'' s o l u t i o n ) was added and the m i x t u r e 
i n c u b a t e d a t room t e m p e r a t u r e f o r 15 min. The l y s a t e was then f r o z e n 
and thawed t w i c e u s i n g l i q u i d n i t r o g e n and water a t a temperature o f 45 
°C. A f t e r a d d i t i o n o f 50 ^ 1 o f t h e l o a d i n g dyes, t he i n t e g r i t y o f the 
RNA i n t h e l y s a t e was checked (see b e l o w ) , p r i o r t o e l e c t r o p h o r e s i s . 
Formaldehyde g e l e l e c t r o p h o r e s i s o f RNA. 
The i n t e g r i t y o f t h e RNA l y s a t e s prepared as above was t e s t e d by 
e l e c t r o p h o r e s i s o f a 6 ^ 1 a l i q u o t on a 1 % agarose m i n i - g e l c o n t a i n i n g 
10 ^ j l ' e t h i d i u m bromide. E l e c t r o p h o r e s i s was c a r r i e d o u t a t 80 V u n t i l 
t h e dye had m i g r a t e d two t h i r d s t h e d i s t a n c e from t h e o r i g i n o f t h e g e l . 
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Two d i s t i n c t r i b o s o m a l RNA bands were v i s i b l e on a l l the l y s a t e s 
p r e p a r e d (4 were p r e p a r e d ) , meaning t h a t they were considered s u i t a b l e 
f o r use i n t h e r e s t o f t h e experiment. 
RNA s p e c i e s were s e p a r a t e d on an agarose / formaldehyde gel by t h e 
method o f Kornblum e t a l ( 1 9 8 7 ) . A photograph of one o f these g e l s i s 
shown i n Appendix I I . 
N o r t h e r n b l o t t i n g o f RNA g e l s . 
N o r t h e r n b l o t s were made o f f o u r RNA g e l s prepared as above. The 
p r o c e d u r e s used were as i n M a n i a t i s e t a l ( 1982). The gel was soaked 
f i r s t i n s e v e r a l changes o f water, then i n 50 mM NaOH and 10 mM NaCl f o r 
45 min. Next, t h e g e l was t r a n s f e r r e d t o 20X SSC f o r 1 h, p r i o r t o RNA 
t r a n s f e r by e s t a b l i s h e d procedures. A f t e r t r a n s f e r , t h e gel was washed 
i n 3X SSC, d r i e d i n a i r f o r 2 h, and baked f o r 4 h a t 80 C^ under 
vacuum. 
Atte m p t e d h y b r i d i s a t i o n o f probe DNA complementary t o the p u t a t i v e 
mRNA p r o d u c t o f t h e s y n t h e t i c gene was performed by workers a t Los 
Alamos N a t i o n a l L a b o r a t o r y . 
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R e s u l t s and d i s c u s s i o n . -
E . c o l i was s u c c e s s f u l l y t r a n s f o r m e d w i t h t h e seven plasmids which 
had been p r o v i d e d . T h i s , added t o f o u r c l o n e s o b t a i n e d as p r e v i o u s l y 
t r a n s f o r m e d b a c t e r i a , gave a t o t a l o f el e v e n pHI-28-SG clones t o be 
t e s t e d . These were l a b e l l e d as; pHI-28-SG 1, 2, 3, 7, 9, 11, 14, 17, 
19, 22 & 23 ( L a b e l l i n g was adopted from o r i g i n a l e n g i n e e r i n g and 
t r a n s f o r m a t i o n ) . 
R e s t r i c t i o n a n a l y s i s o f SG pla s m i d s . 
DNA r e s t r i c t i o n a n a l y s i s o f t h e e l e v e n plasmids u s i n g t h e r e s t r i c t i o n 
enzyme Bam HI i s shown i n Photograph 2 (Appendix I I ) . A l l o f the 
pla s m i d s ( e x c e p t number 1 and a l s o number 2, which i s known t o c o n t a i n 
no i n s e r t ) , show t h e t y p i c a l m i g r a t i o n o f c o v a l e n t l y c l o s e d c i r c u l a r 
DNA. T h i s i n d i c a t e s t h a t t h e s e plasmids do indeed c o n t a i n an i n s e r t 
which has d e s t r o y e d t h e Bam HI r e s t r i c t i o n s i t e (see Appendix 1 ) . The 
r e s t r i c t i o n p a t t e r n shown by c l o n e 1 i s s l i g h t l y d i f f e r e n t from t he 
o t h e r s , i n d i c a t i n g t h a t some fo r m o f rearrangement has taken p l a c e . No 
f u r t h e r i n v e s t i g a t i o n o f t h i s was made. 
Cd t o l e r a n c e t e s t i n g . 
Transformed c e l l s were analysed t o determine any enhanced r e s i s t a n c e 
t o Cd. The r e s u l t s p r e s e n t e d i n Table 1 were o b t a i n e d by growth o f 
ce'Jls i n t h e w e l l s o f m i c r o t i t r e p l a t e s . Growth was i n i t i a t e d by t h e 
a d d i t i o n o f an inoculum which had e n t e r e d t h e l a g phase o f growth (12 h 
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Table 1. Growth o f clones pHI-SG-28 i n Cd 
c o n c e n t r a t i o n s o f 0, 1, 2, 5, 10 and 20 ^M. 
The e x p e r i m e n t was done u s i n g l a g phase c e l l s , 
w i t h methods as o u t l i n e d p r e v i o u s l y . 
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i n c u b a t i o n o f a 10 ml c u l t u r e ) . Clones pHI-28-SG 1, 11 and 23 were 
t e s t e d , u s i n g pHI-28-SG 2, which has no i n s e r t , as a c o n t r o l . For t h i s 
t e s t t r i p l i c a t e p l a t i n g was done f o r each o f t h r e e i d e n t i c a l l y s e t up 
t e s t s . The r e s u l t i n g s m a l l s t a n d a r d d e v i a t i o n s demonstrate the v a l i d i t y 
o f t h i s method f o r t o l e r a n c e t e s t i n g . I n f u r t h e r experiments p l a t i n g 
was n o t done i n t r i p l i c a t e . 
The d a t a shown i n t a b l e 1 shows an apparent i n c r e a s e d r e s i s t a n c e t o 
>10 uM Cd f o r t h e t h r e e c l o n e s t e s t e d (pHI-28-SG 1, 11 and 23, as 
measured a g a i n s t t h e c o n t r o l , pHI-28-SG 2 ) . However, i t was noted t h a t 
pHI-28-SG 2 showed s l i g h t l y reduced growth even i n t h e absence of Cd. A 
p o s s i b l e e x p l a n a t i o n o f t h i s i s t h a t pHI-28-SG 2, which has no i n s e r t 
(and t h e r e f o r e no s i g n a l t o s t o p t r a n s l a t i o n o f t h e a l k a l i n e phosphatase 
gene - see Appendix I . ) , i s p r o d u c i n g excess a l k a l i n e phosphatase. This 
would be a d r a i n on t h e c e l l s r e cources and so r e s u l t i n reduced growth. 
F u r t h e r m o r e , when growth curves were c o n s t r u c t e d f o r s e v e r a l of t h e 
c l o n e s , i n c l u d i n g pHI-28-SG 11, apparent enhanced r e s i s t a n c e t o Cd o f 
s y n t h e t i c g e n e - c o n t a i n i n g c l o n e s was not c o n f i r m e d (Table 2 ) . To 
f u r t h e r i n v e s t i g a t e t h i s , e x p e r i m e n t s were c a r r i e d o u t w i t h decreased 
inoculum s i z e (see M a t e r i a l s and methods), and increased Cd 
c o n c e n t r a t i o n s . T h i s was done i n o r d e r t o emphasise any e f f e c t t h a t the 
s y n t h e t i c gene may have on growth. The r e s u l t s , g i v e n i n Appendix I I I , 
show t h a t deceased inoculum s i z e has a d e t r i m e n t a l e f f e c t on c e l l growth 
i n Cd. T h i s may be due t o each c e l l being exposed t o a h i g h e r amount of 
Cd. The r e s u l t s showed, however, t h a t t h e r e was no s i g n i f i c a n t 
d i f f e r e n c e i n response t o Cd f o r c l o n e s pHI-28-SG 1, 2, 11, and 23. 
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Time ( h ) Clone Cd c o n c e n t r a t i o n ( | J M ) 
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Table 2. Data f r o m growth o f cl o n e s pHI-28-SG 2, 9, 11 and 19 
i n Cd c o n c e n t r a t i o n s o f 1, 2, 5, 10 and 20 uM. Data was o b t a i n e d 
u s i n g an inoculum o f c e l l s which had e n t e r e d t he log-phase. 
C e l l d e n s i t y a t t i m e s 1, 3 and 10 h were measured as d e s c r i b e d 
i n t h e t e x t . Apparent d i f f e r e n c e s i n growth o f clone 11, as seen 
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A Change i n t h e e x p e r i m e n t a l p r o t o c o l ( i n o c u l a t i o n u s i n g log-phase 
c e l l s ) , a g a i n f a i l e d t o d e t e c t i n c r e a s e d r e s i s t a n c e t o Cd f o r any o f t h e 
SG c l o n e s . I n o r d e r t o e s t a b l i s h any enhanced t o l e r a n c e t o Cd, a t o t a l 
o f t h r e e d i f f e r e n t s e t s o f experiments were c a r r i e d o u t u s i n g s l i g h t 
m o d i f i c a t i o n s t o t h e e x p e r i m e n t a l p r o t o c o l . R e p r e s e n t a t i v e r e s u l t s 
o b t a i n e d f o r s e v e r a l o f t h e pHI-SG c l o n e s t e s t e d are presented i n F i g u r e 
2. F u l l r e s u l t s f o r t e s t s done on log-phase c e l l s f o r a l l clones are 
g i v e n i n Appendix I I I ^ Log-phase c e l l s are l e s s r e s i s t a n t t o Cd 
(Appendix I I I ) , e i t h e r due t o i n c r e a s e d - m e t a b l o l i c a c t i v i t y i n the l o g -
a s opposed t o lag-phase c e l l s , o r because t h e c e l l w a l l i s more 
permeable a t t h i s s t age o f t h e c e l l c y c l e . However, t h i s presents 
g r e a t e r o p p o r t u n i t y f o r t h e SG p r o d u c t t o have a b e n e f i c i a l e f f e c t i f 
produced. The r e s u l t s p r e s e n t e d i n d i c a t e t h a t c e l l s t r a n s f o r m e d w i t h 
t h e s y n t h e t i c gene are n o t showing i n c r e a s e d t o l e r a n c e t o Cd compared t o 
c e l l s t r a n s f o r m e d w i t h pHI-28 w i t h o u t t he SG i n s e r t . 
HPLC a n a l y s i s o f c e l l e x t r a c t s . 
A l t h o u g h no d e t e c t a b l e change i n response t o Cd was seen i n the 
t r a n s f o r m e d b a c t e r i a , t h e p o s s i b i l i t y remained t h a t t h e gene was being 
e xpressed, though p r o d u c i n g no change i n growth c h a r a c t e r i s t i c s . This 
may occur i f t h e p r o t e i n i s degraded by p r o t e o l y t i c enzymes bef o r e i t 
can reach t h e p e r i p l a s m and b i n d m e t a l s . I t i s a l s o p o s s i b l e t h a t t h e 
p r o t e i n i s n o t capable o f b i n d i n g Cd. This would be the case i f t h e 
p r o t e i n i s o x i d i s e d a f t e r p r o d u c t i o n t o g i v e d i s u l p h i d e l i n k a g e s , which 
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i 
A C l o n e pHI-28-SG 1 
^:i;ione pHI-28-SG 11 
i Clone pHI-28-SG 2 
I Clone pHI-28-SC 14 
Cd Concn. ()iM) 
F i g u r e 2. The r e s p o n s e of f o u r of the pHI-28-SG c l o n e s 
to Cd. E x p e r i m e n t a l p r o c e d u r e was as g i v e n i n the t e x t 
and i n m a t e r i a l s and methods, u s i n g l o g - p h a s e c e l l s . 
C l o n e s 1, 2, 11 and 14 a r e shown, which a r e r e p r e s e n t a t i v e 
of t h e r e s u l t s o b t a i n e d . Complete r e s u l t s a r e g i v e n i n 
Appendix I I I . 
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would n o t a l l o w t h e t h i o l groups t o c o - o r d i n a t e Cd. C e l l s were examined 
f o r p r o d u c t i o n o f t h e SG p r o t e i n by HPLC a n a l y s i s o f c e l l e x t r a c t s . 
E x t r a c t s were prepared and run as i n d i c a t e d i n m a t e r i a l s and methods. A 
t y p i c a l e l u t i o n p r o f i l e o f one o f t h e e x t r a c t s i s shown i n Figure 3. 
T h i s shows no s i g n i f i c a n t t h i o l - r i c h f r a c t i o n on t h e a c e t o n i t r i l e 
g r a d i e n t 0-20 %.(The t h i o l r i c h p e p t i d e , i f produced c o u l d be expected 
t o e l u t e f r o m t h e column a t around 15 % a c e t o n i t r i l e - f r a c t i o n 30 on 
t h e p r o f i l e shown). 
H y b r i d i z a t i o n t o n o r t h e r n b l o t s . 
A c omplimentary DNA which would h y b r i d i s e t o RNA produced by the 
s y n t h e t i c gene was used t o a t t e m p t h y b r i d i z a t i o n t o N orthern b l o t s 
p r e p a r e d f r o m t o t a l RNA from each o f t h e e l e v e n c l o n e s . H y b r i d i z a t i o n 
was n o t performed by t h e a u t h o r and t h e r e s u l t s o f t h i s are not shown. 
No h y b r i d i z a t i o n t o t h e probe DNA was r ecorded, s u g g e s t i n g t h a t the gene 
was n o t b e i n g expressed. T h i s may i n d i c a t e t h a t the gene i s i n the 
i n c o r r e c t o r i e n t a t i o n . 
Cone1 u s i one 
The r e s u l t s i n d i c a t e t h a t t h e gene encoding t h e s y n t h e t i c p r o t e i n may 
have been i n an i n c o r r e c t o r i e n t a t i o n i n each case. This would suggest 
t h a t t h e r e has been s e l e c t i v e p r e s s u r e a g a i n s t those clones i n which the 
gene i s i n s e r t e d c o r r e c t l y . Since t h e phoA promoter should not be 








HPLC F r a c t i o n 
F i g u r e 3. HPLC a n a l y s i s of an e x t r a c t of c l o n e pHI-28-SG 11. 
HPLC a n a l y s i s and E l l m a n ' s t e s t i n g of f r a c t i o n s was performed 
as o u t l i n e d i n m a t e r i a l s and methods. F i v e of the c l o n e s were 
t e s t e d , pHI-28-SG 1, 11, 7, 22 and 23. A l l gave r e s u l t s s i m i l a r 
to above. 
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a p p a r e n t reason why t h i s s h o u l d occur. One p o s s i b l e e x p l a n a t i o n o f t h i s 
e f f e c t i s t h a t t h e phoA promoter i s a l l o w i n g " l e a k y " e x p r e s s i o n o f t h e 
gene i n non-phosphate l i m i t e d c o n d i t i o n s . I n these circumstances 
p r o d u c t i o n o f a m e t a l - c h e l a t i n g p r o t e i n may sequester e s s e n t i a l t r a c e 
e lements, and t h e r e f o r e k i l l t h e c e l l . 
F u r t h e r e x p e r i m e n t s a r e planned t o t e s t t h e p o s s i b i l i t i e s o f c l o n i n g 
m e t a l - r e s i s t a n c e genes i n microorganisms. Attempts t o clone a m e t a l -
c h e l a t i n g p r o t e i n i n E c o l i . h a v e n o t y e t proved s u c c e s s f u l . I n a f u t u r e 
s e r i e s o f e x p e r i m e n t s i t i s hoped t o use a d i f f e r e n t host organism. 
Yeast c e l l s o f t h e s p e c i e s Schizosaccharomyces pombe are known t o 
produce m e t a l - b i n d i n g p e p t i d e s i d e n t i c a l i n s t r u c t u r e t o those produced 
by p l a n t s . Mutants, which are unable t o produce these p e p t i d e s , and are 
t h e r e f o r e h y p e r s e n s i t i v e t o Cd, have been o b t a i n e d a t Durham (A g i f t 
f r o m Y. Hayashi, I n s t i t u t e o f Developmental Research, Japan - see Mutoh 
and Hayashi 1983). C l o n i n g o f t h e s y n t h e t i c gene i n t o one of these 
mutants c o u l d be performed i n an a t t e m p t t o r e - e s t a b l i s h metal 
t o l e r a n c e . Given t h a t t h e c e l l i s known t o produce a s t r u c t u r a l 
analogue o f t h e p r o t e i n which i s i m p l i c a t e d i n metal d e t o x i f i c a t i o n , t h e 
s y n t h e t i c p r o d u c t may be d e a l t w i t h s u c c e s s f u l l y . This w i l l lead t o a 
g r e a t e r u n d e r s t a n d i n g o f t h e t o l e r a n c e mechanism i n S.pombe and should 
l e a d t o more s u c c e s s f u l means o f c l o n i n g f o r metal r e s i s t a n c e i n o t h e r 
organisms. V e c t o r s are a v a i l a b l e f o r c l o n i n g i n yeasts which place 
genes under c o n t r o l o f t h e metal r e g u l a t o r y elements o f t h e CUP 1 locus 
o f Saccharomyces c e r e v i s i a e ( T h e i l e e t a l 1986). These may be u s e f u l i n 
e n g i n e e r i n g a p p r o p r i a t e e x p r e s s i o n o f t h e s y n t h e t i c gene i n S. pombe. 
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I n a d d i t i o n i t i s hoped t o i n i t i a t e work i n t o t h e i s o l a t i o n o f m e t a l -
r e g u l a t o r y elements (mre's) from p r o k a r y o t i c c e l l s . Cyanobacteria 
(Synechococcus spp. ) have r e c e n t l y been shown t o produce ^ m e t a l - b i n d i n g 
p r o t e i n , c l a s s i f i e d as c l a s s I I metal 1 o t h i o n e i n . T h i s p r o t e i n has 
r e c e n t l y been sequenced ( O l a f s o n e t a l 1988). T h i s should a l l o w the 
p r o d u c t i o n o f s y n t h e t i c o l i g o n u c l e o t i d e s which may be used t o i s o l a t e 
t h e c o r r e s p o n d i n g gene. Since these genes are known t o be 
t r a n s c r i p t i o n a l l y r e g u l a t e d , by Zn and Cu ( O l a f s o n e t a l 1988), i t may be 
p o s s i b l e i n t h e long term t o i s o l a t e m e t a l - r e g u l a t e d sequences which 
w i l l be a c t i v e i n p r o k a r y o t i c c e l l s . These would be i n v a l u a b l e i n 
c l o n i n g f o r metal r e s i s t a n c e i n b a c t e r i a , and may p o s s i b l y be u s e f u l 
t o o l s f o r t h e m a n i p u l a t i o n o f o t h e r genes i n p r o k a r y o t e s . 
32 
I I I . BIOTECHNOLOGICAL APPLICATIONS OF (gammaEC)nG. 
I n t r o d u c t i o n . 
A second approach t o d e a l i n g w i t h metal-contaminated wastes i s t o 
employ some means t o remove t h e t o x i c heavy metals p r i o r t o d i s p o s a l . 
C u r r e n t l y , t o x i c m e t a l s are not d e a l t w i t h s p e c i f i c a l l y and t h i s o f t e n 
r e s u l t s i n l a r g e amounts o f Cd, Zn and Cu being dumped e i t h e r a t sea or 
i n l a n d - f i l l s i t e s . 
C u r r e n t i n v e s t i g a t i o n s are underway t o a l l o w an increase i n the 
amount o f sewage sludge which can be dumped a t a gi v e n s i t e . I t i s a l s o 
d e s i r e a b l e t o use t h e o r g a n i c c o n t e n t o f sewage sludge v i a a p p l i c a t i o n 
t o a g r i c u l t u r a l l a n d (Vermes 1985) and t o mi n i n g and waste-disposal 
s i t e s p r i o r t o r e c l a i m a t i o n (Sopper 1985). S t r i c t l i m i t s are now i n 
f o r c e t o r e s t r i c t t h e amounts o f t o x i c metals which can be a p p l i e d i n 
such cases, making t o x i c metal c o n t e n t a c r i t i c a l f a c t o r i n how much 
waste can be a p p l i e d . With t h p B r i t i s h government u r g i n g t h a t the "best 
a v a i l a b l e t e c h n o l o g y n o t e n t a i l i n g e x e s s i v e c o s t s " should be employed 
f o r t h e removal o f Cd, new methods o f e x t r a c t i o n are being i n v e s t i g a t e d . 
Methods under i n v e s t i g a t i o n i n c l u d e b i o l o g i c a l t e c h n i q u e s such as 
p o l y a c r y l a m i d e - i m m o b i 1 i s e d organisms t o accumulate Cd (Macaskie e t a l 
1986), as w e l l as chemical and e n g i n e e r i n g t e c h n i q u e s ( M a t i s and 
Z o u b o u l i s 1985). 
T h i s c u r r e n t i n v e s t i g a t i o n a p p l i e s t o t h e use o f a novel system f o r 
the removal o f Cd, Cu and Zn from waste streams. The aim i s t o 
i m m o b i l i s e m e t a l - b i n d i n g p e p t i d e s , i s o l a t e d from o v e r - p r o d u c i n g p l a n t 
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c e l l s . These p e p t i d e s can t h e n be used t o s t r i p metals from 
c o n t a m i n a t e d wastes. « 
S t r u c t u r e and f u n c t i o n o f (gammaEOnG. 
M e t a l - b i n d i n g p e p t i d e s i s o l a t e d from h i g h e r p l a n t s (Robinson and 
Jackson 1986), some algae (Gekeler e t a l 1988) and t h e f i s s i o n yeast S. 
pombe (Murasugi e t a l 1981) have t h e s t r u c t u r e (gammaEC)nG (where n can 
= 2-5) . Gamma- l i n k a g e s between t h e glutamate and c y s t e i n e r e s i d u e s 
d i s t i n g u i s h e s t hese molecules from p r i m a r y gene pr o d u c t s and suggests 
t h a t they are p r o b a b l y p r o d u c t s o f a b i o s y n t h e t i c pathway. This has 
been c o n f i r m e d u s i n g s y n t h e t i c o l i g o n u c l e o t i d e s t o i d e n t i f y any mRNA 
sequences which c o u l d encode p r o t e i n p r e c u r s o r s o f (gammaEC)nG (Robinson 
e t a l 1988). (gammaEC)nG were f i r s t i s o l a t e d from S.pombe c e l l s and 
s u b s e q u e n t l y f r o m m e t a l - t o l e r a n t p l a n t c e l l s , where they have been 
demonstrated t o b i n d more than 80 % of c e l l u l a r Cd (Jackson e t a l 1987). 
They a r e r a p i d l y induced by Cd and Cu exposure, and may a l s o be i n v o l v e d 
i n t h e d e t o x i f i c a t i o n o f Zn, Pb and Hg. 
A l t h o u g h a r o l e i n metal d e t o x i f i c a t o n has been e s t a b l i s h e d , these 
m o l e c u l e s a r e produced c o n s t i t u t i v e l y i n both s e n s i t i v e and r e s i s t a n t 
c e l l s i n d i c a t i n g t h a t t h e y may have another f u n c t i o n i n the c e l l . I n 
a d d i t i o n , t o x i c t r a c e m e t a l s have n o t been a t h i g h enough c o n c e n t r a t i o n s 
i n t h e en v i r o n m e n t , f o r s u f f i c i e n t t i m e , t o b r i n g about t he e v o l u t i o n o f 
s p e c i a l i s e d d e t o x i f i c a t i o n systems ( K a r i n 1985). There has been some 
s p e c u l a t o n t h a t (gammaEC)nG may be i n v o l v e d i n s u l p h u r (S) metabolism 
(Robinson 1988). T h i s i s based on s e v e r a l o b s e r v a t i o n s o f the APS 
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s u l p h o t r a n s f e r a s e system f o r a s s i m i l a t o r y s u l p h a t e r e d u c t i o n . A c a r r i e r 
m o l e c u l e , which may be (gammaEC)nG has been i'Solated f rom-Chlorel l a spp. 
(Tsang and S c h i f f 1978). A l s o , i n h i g h e r p l a n t s a sulpho.-accepter 
m o l e c u l e has been i d e n t i f i e d which i s s t r u c t u r a l l y s i m i l a r t o 
g l u t a t h i o n e , b u t o f a h i g h e r m o l e c u l a r w e i g h t ( S c h i f f and Fankhauser 
1961). Cd-peptide complexes i s o l a t e d from both S. pombe and h i g h e r 
p l a n t s have been shown t o i n c l u d e a c i d - l a b i l e S (Reese e t a l 1988, 
Murasugi 1983). Other p o s t u l a t e d c o n s t i t u t i v e f u n c t i o n s f o r (gammaEC)nG 
i n c l u d e metal i o n homeostasis and a r o l e as a f u n c t i o n a l analogue o f 
g l u t a t h i o n e (Robinson 1988). 
B i o t e c h n o l o q i c a l a p p l i c a t i o n s o f (qammaEC)nG. 
Whatever o t h e r c o n s t i t u t i v e f u n c t i o n s (gammaEC)nG may have i n p l a n t 
e e l I s , t h e i r r o l e i n metal d e t o x i f i c a t i o n i s now w e l l e s t a b l i s h e d . l t i s 
t h i s ; p r o p e r t y which t h i s i n v e s t i g a t i o n seeks t o e x p l o i t . Peptides were 
i s o l a t e d f r o m p l a n t c e l l s and vjsed t o c o n s t r u c t m e t a l - a f f i n i t y m a t r i c e s . 
T h i s was done by i m m o b i l i s i n g t h e p e p t i d e s onto cyanogen bromide-
a c t i v a t e d agarose beads. I t i s hoped t h a t under i m m o b i l i s e d c o n d i t i o n s 
t h e m e t a l - c h e l a t i n g a b i l i t y o f t h e p e p t i d e s w i l l be r e t a i n e d . T h e r e f o r e , 
t h e p e p t i d e s w i l l be capable o f s t r i p p i n g metals from s o l u t i o n s passed 
t h r o u g h t h e m a t r i x . T h i s would have d i r e c t a p p l i c a t i o n i n water 
t r e a t m e n t as mentioned p r e v i o u s l y , a l t h o u g h a l t e r n a t i v e s u p p o r t m a t r i c e s 
may be more u s e f u l . Comparative e f f i c i e n c y o f c h e l a t i o n of v a r i o u s 
metal i o n s can be q u a n t i f i e d by d e t e r m i n a t i o n o f Kd and Qmax, as 
e x t r a p o l a t e d from t h e k i n e t i c s o f i m m o b i l i z e d enzymes. 
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Other p o t e n t i a l a p p l i c a t i o n s e x i s t . I t has been p o s t u l a t e d t h a t 
i m m o b i l i s e d p e p t i d e s may be u s e f u l i n t h e c o n s t r u c t i o n o f biosensors. 
I f b i n d i n g o f me t a l s a l t e r s t h e c o n f o r m a t i o n o f t h e p e p t i d e s , t h i s 
i n t e s r a c t i o n may be used i n c r e a t i n g t h e impulse r e q u i r e d i n the 
manuf a c t u r e o f b i o s e n s o r s . No a t t e m p t was made i n t h e pr e s e n t study t o 
assess t h e f e a s i b i l i t y o f t h i s a p p l i c a t i o n . 
As w e l l as t h e b i o t e c h n o l o g i c a l c o n s i d e r a t i o n s o f the work, the data 
produced s h o u l d be u s e f u l i n . d e t e r m i n i n g some o f the p h y s i o l o g i c a l 
c h a r a c t e r i s t i c s o f t h e p e p t i d e s . Such i n f o r m a t i o n i s necessary t o 
un d e r s t a n d t h e i n t e r a c t i o n s o f (gammaEC)nG i n t h e p l a n t c e l l . 
3 6 
M a t e r i a l s and methods. 
1. Maintenance o f p l a n t suspension c u l t u r e s . 
The C d - r e s i s t a n t c e l l l i n e used i n these experiments was k i n d l y 
p r o v i d e d by workers a t Los Alamos N a t i o n a l L a b o r a t o r y , New.Mexico, where 
t h e o r i g i n a l i n v i t r o s e l e c t i o n and i s o l a t i o n o f r e s i s t a n t c e l l s had 
been performed (Jackson e t a l )^ Suspension c u l t u r e s o f C d - r e s i s t a n t 
D a t ura i n n o x i a (Cd-300) were m a i n t a i n e d i n t h e dark i n 100 ml batch 
suspension c u l t u r e s as d e s c r i b e d by Jackson e t a l (1983). C e l l s were 
d i l u t e d e v e r y 48 h, t o m a i n t a i n a c o n c e n t r a t i o n o f c e l l s i n the 
l o g a r i t h m i c g rowth phase between 2 x 10.5 and 2 x 10^ c e l l s ml'^ . 
2. Exposure o f c e l l s t o Cd and r a d i o l a b e l 1 i n g . 
C e l l s f r o m which (gammaEC)nG was t o be e x t r a c t e d were exposed t o 300 
uM Cd a t t h e t i m e o f d i l u t i o n and e x t r a c t i o n done 48 h a f t e r exposure. 
L a b e l l i n g o f (gammaEC)nG was performed a t t h e t i m e o f exposure by adding 
0.1 yCi ml - 1 c a r r i e r - f r e e (^o^CdCla) ( E . I . du Pont de Nemours and Co., 
I n c . , NEN P r o d u c t s , B o s t o n . ) , t o t h e growth medium. 
3. C e l l e x t r a c t i o n and i s o l a t i o n o f Cd-binding p o l y p e p t i d e s . 
C e l l s were removed from t h e medium by c e n t r i f u g a t i o n a t 800 g f o r 3 
min p r i o r t o b e i n g resuspended and washed i n i c e - c o l d b u f f e r c o n t a i n i n g 
10 mM t r i s , pH 7.4, 10 mM KCl, 1.5 mM MgClz, and 20 mM 2-
m e r c a p t o e t h a n o l . The p e l l e t was then suspended i n 5 ml of t h i s b u f f e r 
and d i s r u p t e d by homogenisation i n an Elvehjem Tissue Grinder w i t h a 
t e f l o n p e s t l e . The r e s u l t i n g homogenate was c e n t r i f u g e d f o r 20 min a t 
7000 g 
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and 4°C. The s u p e r n a t a n t was c o l l e c t e d and s u b j e c t e d t o . e i t h e r gel 
f i l t r a t i o n on columns (2.2 x 100 cm) o f Sephadex G-50 ( f i n e ) , or t o 
h e s i t - d e n a t u r a t i o n a t eO^C f o l l o w e d by c e n t r i f u g a t i o n a t 10 000 g f o r . 
f i n a l p u r i f i c a t i o n o f p e p t i d e s . E l u a t e f r o m G-50 columns was c o l l e c t e d 
i n 10 ml f r a c t i o n s . These samples were assayed f o r t h e Cd - c o n t a i n i n g 
f r a c t i o n by atomic a b s o r p t i o n s p e c t r o p h o t o m e t r y or by l i q u i d 
s c i n t i l l a t i o n c o u n t i n g ( i n cases where r a d i o a c t i v e ''°9Cd had been added 
t o t h e growth medium). 
Atomic a b s o r p t i o n was read u s i n g a P e r k i n Elmer HGA-500 model. Cd was 
d e t e c t e d a t a wavelength o f 228.8 nm. D e t e c t i o n o f r a d i o a c t i v e lo^Cd 
was by l i q u i d s c i n t i l l a t i o n s p e c t r o m e t r y a f t e r a d d i t i o n o f 3 ml of 
Formula 963 Aqueous Counting C o c k t a i l (New England Nuclear, Boston, MA) 
t o 100 ^1 o f each 10 ml f r a c t i o n . Counting was done u s i n g a Packard 
I n s t r u m e n t s l i q u i d s c i n t i l l a t i o n c o u n t e r . The C d - c o n t a i n i n g p o r t i o n o f 
t h e c o l l e c t e d f r a c t i o n s was poo l e d , t h e volume measured and t h i s 
m a t e r i a l c o n c e n t r a t e d u s i n g an Amicon Model 52 U l t r a f i l t r a t i o n u n i t 
(Amicon C o r p o r a t i o n Danvers MA) w i t h a YM 2 f i l t r a t i o n membrane ( c u t - o f f 
1000 Da), t o g i v e a f i n a l volume o f 15 ml. 
P u r i f i e d C d - b i n d i n g p e p t i d e s o b t a i n e d i n t h i s way were f i n a l l y 
p e r p a r e d f o r c o u p l i n g t o a c t i v a t e d Sepharose by changing t he b u f f e r t o 
NaHCOa u s i n g Pharamacia PD10 d e s a l t i n g columns (Pharmacia Fine 
Chemicals, Uppsala, Sweden). These are pre-packed G-25 Sephadex g e l -
pe r m e a t i o n s e p a r a t i o n columns (1 x 5 cm). E q u i l i b r a t i o n o f the column 
w i t h t h e a p p r o p r i a t e b u f f e r was f o l l o w e d by l o a d i n g o f t h e sample i n a 
volume o f 2.5 ml. E l u t i o n o f t h e v o i d volume, which c o n t a i n e d t he 
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p e p t i d e / C d a g g r e g a t e , was performed by t h e a d d i t i o n o f a f u r t h e r 3.5 ml 
o f b u f f e r , t h u s l e a v i n g t h e p u r i f i e d p e p t i d e s M n t h e new b u f f e r , f r e e o f 
c y s t e i n e o r g l u t a t h i o n e c o n t a m i n a t i o n . .. 
An a l i q u o t o f t h e p u r i f i e d p r e p a r a t i o n (200 ^ 1 ) was removed and 
a c i d i f i e d f o r r e v e r s e phase HPLC as d e s c r i b e d b e l o w , i n o r d e r t o g i v e an 
i n d i c a t i o n o f t h e amount o f p e p t i d e i n t h e p r e p a r a t i o n as w e l l as i t s 
c o m p o s i t i o n i n terms o f t h e v a r i o u s forms (n=2, n = 3 , e t . c . ) . 
4. A c t i v a t i o n o f Sepharose. 
Sepharose 4B (Pharmacia Fine Chemicals) was a c t i v a t e d u s i n g 
cyanogen bromide, as d e v i s e d by Po r a t h ( 1 9 7 2 ) . The f o l l o w i n g method 
was used t o pre p a r e d u p l i c a t e c o n t r o l and p e p t i d e m a t r i c e s : 
1. Sepharose 48 s l u r r y (10 ml) was washed u s i n g 1 500 ml of 
d i s t i l l e d w a t e r though a s c i n t e r e d g l a s s f i l t r a t i o n u n i t . 
2. Washed Sepharose (30 g) was suspended i n 30 ml o f 5 M KPO4 and 
t h e s l u r r y c h i l l e d on i c e f o r 10 min. 
3. An a l i q u o t (12 ml) o f a 100 mg/ml s o l u t i o n o f cyanogen bromide 
was added d r o p w i s e , w i t h g e n t l e s t i r r i n g ( u s i n g a magnetic 
s t i r r e r ) , f o r 4 min, and th e n a l l o w e d t o r e a c t a f u r t h e r 8 minutes 
on i c e . 
4. The r e a c t e d Sepharose was washed w i t h 300 ml o f 250 mM NaHCOs, 
th e n 10 g o f t h i s m a t e r i a l added t o each o f two 50 ml screw-capped 
Falcon t u b e s . 
5. E i t h e r p u r i f i e d p e p t i d e p r e p a r a t i o n (10 ml) or 10 ml o f NaHCOa 
b u f f e r f o r c o n t r o l m a t r i c e s was added t o the a c t i v a t e d Sepharose. 
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The m i x t u r e was i n c u b a t e d w i t h g e n t l e a g i t a t i o n (on a r o t a r y m i x e r ) 
f o r 12 h a t 25 °C. 
5. Column p r e p a r a t i o n . 
M a t r i c e s were s e t up i n 20 ml B i o - r a d Econo-columns ( B i o r a d 
L a b o r a t o r i e s , L t d . , W a t f o r d , England.) 
1. Reacted Sepharose s l u r r i e s were poured i n t o t he prepared columns 
and l o a d i n g e l u a t e s c o l l e c t e d . An a l i q u o t (40 ml) o f 250 mM 
NaHCOa, f o l l o w e d by 50 ml NaHCOa / I M NaCl was then passed 
though t h e column and t h e e l u a t e c o l l e c t e d and combined w i t h t h e 
l o a d i n g e l u a t e . 
2. Ethanolamine (50 ml o f a 1 M s o l u t i o n , a t pH 9) was loaded i n t o 
t h e column, and a l l o w e d t o r e a c t f o r 14 h. ( T h i s should r e a c t w i t h 
any f r e e groups which have n o t r e a c t e d w i t h CNBr) 
3. Ethanolamine was washed o u t o f th e column u s i n g 50 ml NaHCOa 
(pH 9 ) , f o l l o w e d by 50 ml o f water. 
4. The column o u t f l o w was d i r e c t e d t o a f r a c t i o n c o l l e c t o r and 3ml 
samples c o l l e c t e d . Na o x a l a t e (200 mM/pH 2) was then passed through 
t h e column and t h e r e s u l t i n g f r a c t i o n s assayed f o r Cd using 
d i t h i z o n e , d e t a i l s o f which a re g i v e n below. C d - c o n t a i n i n g 
f r a c t i o n s were pool e d and added t o t h e i n i t i a l b u f f e r washes. The 
pooled washes were r e t a i n e d i n o r d e r t h a t t o t a l e l u t e d p e p t i d e 
c o u l d be e s t i m a t e d (by as s a y i n g f o r t h i o l groups - see below) and 
s u b t r a c t e d f r o m t h a t o b t a i n e d f o r t h e p e p t i d e sample loaded. 
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(). C o n s t r u c t i o n o f g l u t a t h i o n e m a t r i x 
An a f f i n i t y m a t r i x was made u s i n g g l u t a t h i o n e a d o p t i n g the same 
pro c e d u r e s as o u t l i n e d above f o r p e p t i d e m a t r i c e s . G l u t a t h i o n e (Sigma 
Chemical Co.) was d i s s o l v e d i n 10 ml NaHCOa t o g i v e a 40 mg ml"^ 
s o l u t i o n . Cd was added t o t h i s t o g i v e a c o n c e n t r a t i o n o f 35 mM, and 
t h i s added t o 10 g o f a c t i v a t e d Sepharose. A c o n t r o l m a t r i x was made a t 
t h e same t i m e u s i n g 10 ml NaHCOa. The amount b i n d i n g t o Sepharose was 
c a l c u l a t e d f r o m t h e amounts c o n t a i n e d i n t h e washes, as f o r the p e p t i d e 
m a t r i X . 
7 . Ellman's t e s t f o r t h i o l groups. 
The t h i o l t e s t used i n these e x p e r i m e n t s , i n o r d e r t o q u a n t i f y t h e 
amount o f (gammaEC)nG i n a g i v e n sample, was devised by Ellman (1959). 
The assay was s c a l e d down f o r use on m i c r o - t i t r e p l a t e s , 150 y^ of 
r e a g e n t b e i n g added t o 150 ^ 1 o f t e s t s o l u t i o n i n the w e l l s o f the 
p l a t e . Samples were read f o r absorbance a t 214 nm a f t e r 20 min. 
G l u t a t h i o n e s t a n d a r d s , f o r c a l i b r a t i o n , were assayed using the same 
pro c e d u r e . 
8 . E s t i m a t i o n o f p e p t i d e c o n t e n t o f columns. 
E s t i m a t i o n o f t h e amount o f p e p t i d e loaded onto each column was done 
by d e t e r m i n a t i o n o f t h e t o t a l number o f t h i o l groups p r e s e n t , as 
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o u t l i n e d above. The assay was c a l i b r a t e d w i t h g l u t a t h i o n e (0 t o 100 ^ g 
m l - i ) r e a c t e d i n t h e same b u f f e r ( t r i s - C l , pH''9 ) a t the same pH (pH 
1.5) as t h e reduced p e p t i d e s . The values t h u s o b t a i n e d c o u l d then be 
used t o c a l c u l a t e t h e r e l a t i v e amounts o f p e p t i d e p r e s e n t i n mg-
e q u i v a l e n t s o f g l u t a t h i o n e . The b u f f e r s o f each sample were changed t o 
t r i s - C l , pH 9 u s i n g Pharmacia PD-10 columns, which a l s o served t o remove 
any r e s i d u a l g l u t a t h i o n e and f r e e c y s t e i n e . 
9. D e t e r m i n i n g t h e pH o f Cd d i s s o c i a t i o n from i m m o b i l i s e d p e p t i d e s . 
To i n v e s t i g a t e t h e c h a r a c t e r i s t i c s o f pH d i s s o c i a t i o n o f immobilized 
p e p t i d e s , an a l i q u o t o f u n s t r i p p e d m a t r i x ( i . e . t h e m a t r i x p r e p a r a t i o n 
a t s t age 3. o f t h e p r e p a r a t i o n procedure, p r i o r t o run n i n g water through 
t h e column) was used. N a 2 H P O 4 - C i t r i c a c i d b u f f e r was prepared a t a 
range o f pH's by m i x i n g v a r i o u s amounts o f 0.2 M Na2HP04 and 0.1 M 
c i t r i c a c i d i n a t o t a l volume o f 20 ml (Dawson 1968). The pH was 
r e c o r d e d , an equal volume o f t r i s pH 9 was added, and the pH r e -
re c o r d e d . T h i s was done t o det e r m i n e what t h e pH o f the b u f f e r would be 
a f t e r t h e a d d i t i o n o f an equal volume o f u n s t r i p p e d m a t r i x i n t r i s pH 9. 
To t e s t t h e pH d i s s o c i a t i o n c h a r a c t e r i s t i c s o f the immo b i l i s e d p e p t i d e s , 
200 f j l o f b u f f e r s o l u t i o n was added t o 200 jul o f m a t r i x suspended i n 
t r i s pH 9 i n an Eppendorf t u b e . The m i x t u r e was v o r t e x e d g e n t l y f o r 30 
s, a n d t h e m a t r i x was removed by c e n t r i f u g a t i o n (1 min MSE 
M i c r o c e n t a u r ) . An a l i q u o t (150 y})of t h e r e s u l t i n g s u p e r n a t a n t was 
removed and t h e Cd c o n c e n t r a t i o n measured u s i n g d i t h i z o n e (see below). 
A s e r i e s o f c a l i b r a t i o n c u r v e s made a t t h e v a r i o u s pH's used showed no 
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s i g n i f i c a n t e f f e c t on t h e d i t h i z o n e assay. Cd d i s s o c i a t i o n was measured 
a t pH 2.30, 2.80, 5.27, 6.17, 7.27 and 7.87. 'By assuming.complete 
d i s s o c i a t i o n a t pH 2.30 and complete a s s o c i a t i o n a t pH 7.8.7, values were 
c a l c u l a t e d as percentage o f Cd bound. 
10. Reverse phase HPLC a n a l y s i s o f i s o l a t e d p e p t i d e s . 
Reverse phase h i g h performance l i q u i d chromatography was used t o 
s e p a r a t e t h e v a r i o u s forms .of (gammaEC)nG. An a l i q u o t (1 ml) of each o f 
th e e x t r a c t s t o be analysed was reduced by t h e a d d i t i o n o f V 4 volume o f 
1 M HCl , and f i l t e r e d though a C e n t r i c o n 30 m i c r o - c o n c e n t r a t o r (Amicon, 
c u t o f f 1000 Da). Reverse phase HPLC a n a l y s i s (Beckman In s t r u m e n t s HPLC 
system) was the n performed u s i n g 250 j j l o f t h i s m a t e r i a l . Samples were 
a p p l i e d t o a 250 x 4.6 mm column o f n u c l e o s i l C-18 (BioRad). Samples 
were e l u t e d w i t h a 20 ml l i n e a r g r a d i e n t o f Q.^% ( v / v ) t r i f 1 o u r o a c e t i c 
a c i d (TFA) t o 0.^% ( v / v ) TFA c o n t a i n i n g 20% ( v / v ) a c e t o n i t r i l e , a t a 
f l o w r a t e o f 2 ml/min. F r a c t i o n s o f 1 ml were c o l l e c t e d and 500 p i o f 
eai:h r e a c t e d w i t h 150 o f Ellman's reagent. A f t e r 20 min absorbance 
was measured a t 210 nm and these r e a d i n g s c a l i b r a t e d u s i n g g l u t a t h i o n e . 
R e s u l t s o f HPLC analyse s are pre s e n t e d i n mg e q u i v a l e n t s o f g l u t a t h i o n e . 
11. D i t h i z o n e assay f o r . C d . Zn. and Cu. 
Since c h a r a c t e r i z a t i o n o f t h e a f f i n i t y m a t r i c e s r e q u i r e d repeated 
a n a l y s i s o f column e l u a t e f o r f r e e m e t a l s , i t was cons i d e r e d w o r t h w h i l e 
t o adapt t h e s i m p l e chemical assay u t i l i s i n g d i t h i z o n e ( d i p h e n y l -
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t h i o c a r b a z o n e ) f o r use w i t h a m i c r o t i t r e p l a t e reader. The r e s u l t s o f 
t h i s work a r e pr e s e n t e d i n Appendix I V . C d was assayed by .the a d d i t i o n 
o f 200 j j l o f t e s t s o l u t i o n t o 100 ^ 1 o f 50 )jg ml-^ d i t h i z p n e d i s s o l v e d 
i n 1 M NaOH. The r e s u l t i n g c o l o u r was d e t e c t e d u s i n g a T i t e r t e k 
M u l t i s k a n p l a t e - r e a d e r (Flow L a b o r a t o r i e s ) . S i m i l a r l y Zn was d e t e c t e d 
u s i n g 50 j j g m l - i d i t h i z o n e and m o n i t o r i n g absorbance a t 540 nm, and Cu 
u s i n g 100 ^g m l - i and m o n i t o r i n g absorbance a t 620 nm. I n the case of 
b o t h Cu and Zn, d i t h i z o n e was d i s s o l v e d i n a c e t o n i t r i l e . 
12. D e t e r m i n a t i o n o f b i n d i n g c h a r a c t e r i s t i c s o f (GammaEC)nG. 
Two methods were used t o determine b i n d i n g a f f i n i t i e s o f the i s o l a t e d 
p e p t i d e s . Data was f i r s t generated u s i n g t h e Sepharose-bound p e p t i d e s 
i n t h e columns i n which they had been o r i g i n a l l y prepared. I n t h i s 
case, t h e amount o f metal i o n b i n d i n g was monito r e d u s i n g the 
" b r e a k t h r o u g h " method. Data was generated by f l o w i n g s o l u t i o n s 
c o n t a i n i n g d i f f e r e n t metal i o n c o n c e n t r a t i o n s t h r o u g h t he m a t r i x u n t i l 
t h e p o i n t o f b r e a k t h r o u g h was d e t e c t e d , by a n a l y s i s o f the e l u e n t w i t h 
d i t h i z o n e . The second method o f a n a l y s i s was t o use a l i q u o t s of t h e 
m a t r i x i n suspensions o f v a r i o u s c o n c e n t r a t i o n s o f metal i o n , data being 
generated by d e t e r m i n i n g t h e amount o f metal removed from s o l u t i o n . 
T h i s was ach i e v e d by s p i n n i n g down t h e Sepharose and a n a l y s i n g (by 
atomic a b s o r p t i o n s p e c t r o p h o t o m e t r y ) t he amount o f metal remaining i n 
s o l u t i o n . I n each case, s i n c e Sepharose w i l l b i n d some m e t a l , the 
amount bound t o t h e p e p t i d e s was determined by comparison o f c o n t r o l -
and p e p t i d e - m a t r i c e s . A complete t r e a t m e n t o f data i s gi v e n i n Appendix 
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13. Summary o f methods used. 
I n summary, t h r e e metal a f f i n i t y m a t r i c e s were made. The f i r s t , 
p r e p a r e d u s i n g g l u t a t h i o n e , used 10 g o f Sepharose. The second ( u s i n g 6 
g o f Sepharose) was prepared u s i n g (gammaEC)nG i s o l a t e d from Datura 
i n n o x i a . T h i s was t h e e x t r a c t from 80 ml o f c e l l s , p u r i f i e d by G - 5 0 gel 
f i l t r a t i o n . A t h i r d m a t r i x . ( 5 g o f Sepharose) was made using the 
e x t r a c t f r o m 2 0 0 ml o f c e l l s , p u r i f i e d by heat d e n a t u r a t i o n . 
For column t e s t s t h e t o t a l w e i g h t o f Sepharose was used i n each case. 
For suspension t e s t s 0 . 8 g a l i q u o t s o f m a t r i x were suspended i n 4 ml of 
d i s t i l l e d w a t e r , and 2 0 0 j j l o f t h i s suspension added t o each 
c o n c e n t r a t i o n o f m e t a l . Data was then c o r r e c t e d f o r the amount of metal 
b i n d i n g per g o f m a t r i x , and t h e amount o f metal bound per mg of p e p t i d e 
s u b s e q u e n t l y e s t i m a t e d . 
Apparent Qoax and Ko v a l u e s were found f o r Cd, both u s i n g data 
g e n e r a t e d i n columns and i n suspension. For column t e s t s , s o l u t i o n s o f 
1 , 5, 1 0 , 15 and 2 5 Cd were passed run t h r o u g h t h e column. 
P r e l i m i n a r y d a t a f o r Cu and Zn were a l s o generated i n t h i s way. For 
suspension t e s t s , metal i o n c o n c e n t r a t i o n s o f 1, 3, 5 , 1 0 , 15 and 25 pM 
were used, and r e a d i n g s t a k e n a t 15 min, 1 h and 2 h. Experiments were 
performed i n 10 mM t r i s (pH 9 ) . I n c u b a t i o n o f suspensions was a t 37 °C 
u n l e s s o t h e r w i s e s t a t e d . 
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R e s u l t s . 
Q u a n t i f i c a t i o n o f t h e amount o f p e p t i d e and' GSH bound t o Sepharose. 
Amounts.of p e p t i d e and GSH i m m o b i l i s e d onto both t he d e n a t u r a t i o n -
p r e p a r e d p e p t i d e m a t r i x and t h e GSH m a t r i x were c a l c u l a t e d as f o l l o w s : 
A known amount o f GSH (400 mg) was a l l o w e d t o r e a c t w i t h 10 ml o f 35 
mM Cd i n a volume o f 10 ml. T h i s amount o f GSH was chosen si n c e i t was 
hoped t h a t t h e amount o f GSH i m m o b i l i z e d would compare w i t h t h e 
p u b l i s h e d maximal v a l u e s f o r ' i m m o b i l i z a t i o n o f p r o t e i n s such as t r y p s i n , 
which are around 20 mg per g o f Sepharose. Cd was added s i n c e i t was 
hoped t h a t i m m o b i l i s a t i o n o f GSH i n such a c o n f o r m a t i o n as enabled 
maximal metal i o n c h e l a t i o n c o u l d be achieved i n t h i s way. The amount 
o f t h e added GSH which a c t u a l l y bound t o t h e Sepharose on a c t i v a t i o n was 
q u a n t i f i e d by a n a l y s i s o f t h e amount o f GSH e l u t e d i n t h e v a r i o u s washes 
performed a t t h e t i m e t h a t t h e m a t r i x was s e t up. The amounts e l u t e d 
f r o m t h e m a t r i x were q u a n t i f i e d by t e s t i n g f o r t h i o l s u s i n g Ellman's 
r e a g e n t . C a l i b r a t i o n c urves were s e t up i n each o f the b u f f e r s f o r 
which e l u t i o n o f GSH was t o be t e s t e d . 
The r e s u l t s produced were as f o l l o w s : 
Amount loaded : 400 mg 
Amount d e t e c t e d i n i n i t i a l e l u a t e and NaHCOa wash : 306.4 mg 
(volume 15.8 ml) 
Amount d e t e c t e d i n NaCl wash and Oxalate s t r i p : 35.28 mg 
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(volume 9 8 m l ) 
The amount bound t o 10 g o f m a t r i x was t h e r e f o r e 58.32 mg 
For t h e p e p t i d e m a t r i x , a n e s t i m a t e o f t h e t o t a l p e p t i d e was f i r s t 
made u s i n g Ellman's r e a g e n t . The amount p r e s e n t was c a l i b r a t e d using 
s t a n d a r d c u r v e s made up u s i n g GSH. Th i s gave an e s t i m a t e o f p e p t i d e i n 
" m i l l i g r a m e q u i v a l e n t s " o f GSH. As f o r t h e GSH m a t r i x t he t o t a l amount 
i m m o b i l i z e d o n t o Sepharose was c a l c u l a t e d by s u b t r a c t i o n o f t h e amount 
e l u t e d f r o m t h e m a t r i x , a t t h e t i m e o f s e t t i n g up t h e column. The 
amounts c a l c u l a t e d i n each case were : 
Amount o f p e p t i d e i n 10 ml o f t h e i n i t i a l l o a d i n g b u f f e r : 10.5 mg 
T o t a l amount e l u t e d ( p o o l e d 107 ml) 2.1 mg 
Es t i m a t e d t o t a l amount bound ( i n mg e q u i v a l e n t s o f GSH) 8.396 mg 
No e s t i m a t e was made o f t h e amount o f G-50 p u r i f i e d p e p t i d e 
i m m o b i l i z e d t o Sepharose. An amino a c i d a n a l y s i s o f t h e loaded sample 
and c o l l e c t e d e l u e n t i s r e q u i r e d b e f o r e t h i s can be q u a n t i f i e d . Amino 
a c i d a n a l y s i s o f t h e samples sh o u l d a l l o w a more a c c u r a t e e s t i m a t e o f 
t h e amount bound 
The r e s u l t s o f a l l o f t h e experiments which used t he t h r e e m a t r i c e s 
p r e p a r e d a re p r e s e n t e d i n F i g u r e s 1 t o 15. 
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Reverse phase HPLC p r o f i l e s - : d e t e r m i n a t i o n o f molar r a t i o s f o r 
Cd and Zn b i n d i n g t o (gammaEOnG " . 
The r e v e r s e phase HPLC s e p a r a t i o n shown i n F i g u r e 3 was-of an a l i q u o t 
( 1 5 0 | J 1 ) o f t h e crude e x t r a c t which was subsequently heat denatured and 
used t o fo r m t h e second a f f i n i t y m a t r i x . T h i s r e v e a l s a r a t i o o f the 
d i f f e r e n t forms o f p e p t i d e t o be 3 : 3 : 3 : 1 , f o r the forms n = 2 , 3 , 
4 and 5 r e s p e c t i v e l y . Given t h a t these 4 forms have molecular weights 
o f 5 7 9 , 7 7 1 , 1 0 0 3 and 1 2 3 5 , ' t h e "average" Mr f o r t h e p r e p a r a t i o n as a 
who'ie can be c a l c u l a t e d as around 8 1 7 . The mol e c u l a r weight of GSH i s 
3 0 6 , , 
The d a t a show t h a t t h e q u a n t i t i e s o f GSH and (gammaEC)nG immo b i l i s e d 
were 1 6 x 1 0 " ^ M and 2 . 0 5 x 1 0 - ^ M, r e s p e c t i v e l y . 
F i g u r e s 1 1 and 1 2 show t h e b i n d i n g c h a r a c t e r i s t i c s o f the m a t r i x made 
u s i n g t h e p r e p a r a t i o n d e s c r i b e d above. T h i s shows t h a t a t maximal 
b i n d i n g , 1 mg o f p e p t i d e c o - o r d i n a t e s 2 6 0 nM o f Cd ( F i g u r e 1 1 ) and 3 1 5 
nM o f Zn ( F i g u r e 1 2 ) . M a x i m a l ' b i n d i n g o f Cd was taken t o be 2 6 0 nM, as 
a t t h i s amount t h e graph l e v e l s o u t . Subsequent apparent steady 
i n c r e a s e i n b i n d i n g may r e f l e c t i n a c c u r a c y o f the method used t o d e t e c t 
Cd ( a t o m i c absorbance). I n a c c u r a c y i s encountered i n the measurement o f 
h i g h Cd c o n c e n t r a t i o n s (see F i g u r e 1 4 ) . Subsequent data a n a l y s i s (see 
Appendix V) w i l l have t h e e f f e c t o f emphasizing any e r r o r . The molar 
r a t i o s as det e r m i n e d from t h e f i g u r e s above are 4 . 5 : 1 and 3 . 8 : 1 f o r 
(gammaEC)nG : Cd and (gammaEC)nG : Zn, r e s p e c t i v e l y . 
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B i n d i n g c o n s t a n t s f o r Cd and Zn b i n d i n g t o (gammaEC)nG.' 
The c o n s t a n t s KD and Qmax can be used t o q u a n t i f y m e t a l - b i n d i n g to-
(gammaEC)nG. Apparent KD and Qmax values were e x t r a p o l a t e d from the 
graphs p r e s e n t e d i n F i g u r e s 6, 7, 8 and 9 ( f o r data o b t a i n e d by 
b r e a k t h r o u g h ) and F i g u r e s 11 and 12 ( f o r data o b t a i n e d from suspension 
t e s t s ) . Qmax v a l u e s were t a k e n as t h e maximal amount of metal b i n d i n g 
per mg o f i m m o b i l i s e d m a t e r i a l . KD v a l u e s were o b t a i n e d by reading from 
t h e x - a x i s o f t h e graph t h e metal c o n c e n t r a t i o n which g i v e s h a l f maximal 
b i n d i ng. 
The app a r e n t v a l u e s o b t a i n e d were : 
(A) By b r e a k t h r o u g h a n a l y s i s : 
1. GSH Qraax = 150 nM Cd / mg 
KD = 5 uM Cd 
2. G-50 P u r i f i e d (gammaEC)nG Qoax = 70 nM Cd (per q u a n t i t y o f 
p e p t i d e on 1 g m a t r i x ) 
KD = 4.5 )JM Cd 
3. Heat d e n a t u r a t i o n p u r i f i e d (gammaEC)nG Qmax = 168 nM Cd / mg 
KD = 1 .3 pM Cd 
4. " " " Qmax = 190 nM Zn / mg 
KD = 5 |JM Zn 
(B) By suspension method : 
Heat d e n a t u r a t i o n p u r i f i e d (gammaEC)nG o n l y : 
Qaiax =,315 nM Zn / mg Qmax = 255 nM Cd / mg 
KD = 2.8 ^ M Zn KD = 0.5 pM Cd 
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I n a d d T t i o n , a p r e l i m i n a r y t e s t was done u s i n g t h e breakthrough 
method t o d e t e r m i n e whether t h e i m m o b i l i s e d p e p t i d e s were capable o f 
b i n d i n g Cu. T h i s showed t h a t a t a feedstream c o n c e n t r a t i o n of 25 j jM Cd, 
187.!) nM o f Cu was bound t o t h e p e p t i d e s . T h i s r e s u l t was not confirmed 













F r a c t i o n NuHber 
F i g u r e 1 P r o f i l e o f (gammaEC)nG complexes e l u t i n g from t he 
Sephadex G-50 column. Volumes o f 8 ml were c o l l e c t e d and 
measured f o r r a d i o a c t i v i t y as d e s c r i b e d i n m a t e r i a l s and 
methods. The peak shown, from f r a c t i o n s 148 t o 220 (a volume 
of 570 ml from 1184 ml t o 1760 ml) were pooled and c o n c e n t r a t e d 
as p r e v i o u s l y d e s c r i b e d . The peak shown e l u t e d midway between 
t h e v o i d and t o t a l volumes o f t h e column. 
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HPLC F r a c t i o n Nuftber 
F i g u r e 2. Reverse phase HPLC. s e p a r a t i o n o f {gammaEC)nG p u r i f i e d 
by g e l f i l t r a t i o n on Sephadex G-50. An a l i q u o t o f the p u r i f i e d 
m a t e r i a l was reduced, s e p a r a t e d by HPLC and the f r a c t i o n s analysed 
f o r t h i o l s by t e s t i n g w i t h Ellman's reagent. The l a r g e peak t o 
th e l e f t r e p r e s e n t s f r e e c y s t e i n e , 2 mercaptoethanol ( f r o m the 
e x t r a c t i o n b u f f e r ) , and GSH. T h i s i s f o l l o w e d by a small peak 
r e p r e s e n t i n g o x i d i s e d GSH. The f o u r peaks t o the r i g h t 
r e p r e s e n t (gammaEC)nG m o l e c u l e s where n = 2, 3,4 and 5, 
r e s p e c t i v e l y . 
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HPLC F r a c t i o n N i m k r 
F i g u r e 3. HPLC A n a l y s i s o f a crude e x t r a c t o f Cd-exposed 
Cd-300 c e l l s . The e x t r a c t was subsequently p u r i f i e d by heat 
d e n a t u r a t i o n p r i o r t o i m m o b i l i s a t i o n onto cyanogen.bromide-
a c t i v a t e d Sepharose 4B. The p r o f i l e shows the same peaks 









F i g u r e 4. pH D i s s o c i a t i o n o f Cd from Sepharose-immobi1ised heat-
d e n a t u r e d p e p t i d e p r e p a r a t i o n . Cd was s t r i p p e d from the m a t r i x 
u s i n g b u f f e r s o f v a r y i n g pH and t h e r e l e a s e d Cd 
d i t h i z o n e as o u t l i n e d i n M a t e r i a l s and Methods, 
t h a t Cd would be 100 % bound a t pH 8, and 100 % 
pH 2.3 
assayed using 
I t was assumed 
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UoluHe passed throucfh s a t r i x ( n l ) 
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F i g u r e 5. T h i s shows t h e b r e a k t h r o u g h volumes f o r v a r i o u s 
c o n c e n t r a t i o n s o f Cd p a s s i n g t h r o u g h t h e GSH m a t r i x . 
Cd c o n c e n t r a t i o n s o f 1 ( A ) , 5 ( A ) , 10 ( D ) , 25 (|) and 50 {()) 
were passed t h r o u g h the m a t r i x and the p o i n t o f breakthrough 
r e c o r d e d as d e s c r i b e d p r e v i o u s l y . Breakthrough volumes were 
s i m i l a r l y r e c o r d e d f o r a c o n t r o l m a t r i x , and c a l c u l a t i o n made 
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Cd concn. in feed streaM (|iM) 
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6- A n a l y s i s o f Cd b i n d i n g t o i m m o b i l i s e d GSH using the 
b r e a k t h r o u g h method o f a n a l y s i s . Data was o b t a i n e d as de s c r i b e d 
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Cd Concn. in Feed Streaw (|tH) 
F i g u r e 7. Cd b i n d i n g t o i m m o b i l i s e d G-50 p u r i f i e d (gammaEC)nG, 
Values are g i v e n as t h e -amount o f Cd b i n d i n g t o im m o b i l i s e d 
(gammaEC)nG per g o f m a t r i x as no data was a v a i l a b l e f o r the 
t o t a l amount o f (gammaEC)nG i m m o b i l i s e d . The r e s u l t s were 
o b t a i n e d u s i n g t h e b r e a k t h r o u g h method as p r e v i o u s l y d e s c r i b e d 
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Cd concn. i n feed s t r e s H (|iM) 
F i g u r e 8. A n a l y s i s o f Cd b i n d i n g t o i m m o b i l i s e d heat denatured 
p e p t i d e p r e p a r a t i o n . The d a t a was o b t a i n e d u s i n g t he breakthrough 
method as f o r t h e GSH m a t r i x . Values f o r t h e amount o f Cd bound 











Zn concn. in feed streaH (|iM) 
F i g u r e 9 A n a l y s i s o f Zn b i n d i n g t o i m m o b i l i s e d heat-
d e n a t u r a t i o n p u r i f i e d (gammaEC)nG. T h i s data was generated 
u s i n g t h e b r e a k t h r o u g h method as d e s c r i b e d f o r Cd-binding 
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%hm passed thr-ough Matrix 
F i g u r e 10. The e f f e c t o f t h e f l o w r a t e t h r o u g h t h e column 
on t h e amount o f metal i o n b i n d i n g t o both Sepharose and 
i m m o b i l i s e d (gammaEC)nG. A Cd s o l u t i o n o f 25 was passed 
t h r o u g h t h e m a t r i x f i r s t l y a t 0.5 ml min-^, then a t 3 ml min.-^ 
and t h e volume t o b r e a k t h r o u g h recorded i n each case. The data 
shows t h a t f l o w r a t e c l e a r l y has an e f f e c t on the amount of Cd 















ii t r 15 H i n . 
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E x t e r n a l Cd concn. (^M) 
F i g u r e 11. Time t a k e n f o r Cd - (gammaEC)nG complexes t o form a t 
pH 9 i n suspension. Data was o b t a i n e d as o u t l i n e d i n Appendix 
2, u s i n g f i g u r e s A7, At> and A9. The d i f f e r e n c e between the amounts 
bound a t 1 h and 2 h i n d i c a t e t h a t even a f t e r 2 h the system 
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E x t e r n a l Zn concn. (^M) 
F i g u r e 12. Time o f f o r m a t i o n o f Zn - (gammaEC)nG complexes. Data 
was o b t a i n e d as f o r Cd b i n d i n g i n suspension. The s i m i l a r i t y o f 
t h e c u r v e s a t 1 h and 2 h i n d i c a t e s t h a t e q u i l i b r i u m o f the 
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UoluHe passed throuQh cohiwi ( M 1 ) 
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F i g u r e 13. R e - c y c l i n g o f m a t r i x a f t e r Cd b i n d i n g . The p e p t i d e 
m a t r i x made u s i n g heat d e n a t u r a t i o n - p u r i f l e d p e p t i d e s was used 
t o t e s t f o r s t a b i l i t y o f t h e i m m o b i l i z e d p e p t i d e s . The volume 
t o b r e a k t h r o u g h o f 25 >iM Cd was r e c o r d e d , the m a t r i x s t r i p p e d 
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Cd concn. 
F i g u r e 14. The e f f e c t o f te m p e r a t u r e on Cd b i n d i n g t o (gammaEC)nG 
and Sepharose b i n d i n g Cd. A n a l y s i s was done u s i n g suspensions 
which were i n c u b a t e d a t t h e a p p r o p r i a t e temperature f o r 2 h. 
C a l c u l a t i o n o f t h e amount o f Cd bound was as f o r o t h e r t e s t s . 
The d a t a shows t h a t t e m p e r a t u r e does a f f e c t Cd c h e l a t i o n . I t i s 
a l s o demonstrated t h a t t h e r e i s some degree o f i n a c c u r a c y i n the 
a n a l y s i s u s i n g t h e atomic absorbance spectrophotometer a t h i g h 







| 0 Peptides (+ s u l p h i d e ) Control ( t s u l p h i d e ) 
y 0, 
6 49 
Cd concn. (^N) 
F i g u r e 15. The e f f e c t o f t h e a d d i t i o n o f s u l p h i d e t o both 
the c o n t r o l - and {gammaEC)nG m a t r i c e s . The r e s u l t s r e v e a l 
t h a t s u l p h u r i s v e r y e f f e c t i v e i n c o - o r d i n a t i n g the b i n d i n g o f 
Cd, n o t o n l y t o t h e i m m o b i l i s e d molecules, but a l s o t o Sepharose 
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D i s c u s s i o n 
( a ) E f f i c i e n c y o f GSH and (gammaEC)nG i m m o b i l i z a t i o n . 
A l t h o u g h i n terms o f w e i g h t o n l y r e l a t i v e l y small amounts of GSH and 
(gammaEC)nG were i m m o b i l i s e d o n t o t h e Sepharose s u p p o r t , i t i s apparent 
t h a t i n terms o f m o l a r i t y , i n both cases, t h e molecules were reasonably 
e f f i c i e n t l y i m m o b i l i s e d . The quoted maximal valu e f o r the 
i m m o b i l i s a t i o n o f t r y p s i n i s 20 mg g-^ compared t o values o f 5 mg g-1 
f o r GSH and 1.68 mg g-^ f o r (gammaEC)nG. However, t h i s r e p r e s e n t s o n l y 
8.96 X 10"'' M o f t r y p s i n i m m o b i l i s e d per g o f Sepharose, as a g a i n s t 16 x 
10 - 6 M, and 2.05 x 10-^ M f o r GSH and (gammaEC)nG, r e s p e c t i v e l y . 
GSH and (gammaEC)nG a r e s i m i l a r i n s i z e . The r e s u l t s o b t a i n e d f o r 
t h e i m m o b i l i z a t i o n o f GSH i n d i c a t e s t h a t t h e r e i s scope f o r i n c r e a s i n g 
t h e m o l a r i t y o f (gammaEC)nG making up t h e m a t r i x . The amount of GSH 
i m m o b i l i s e d p r o b a b l y r e p r e s e n t s a maximal f i g u r e , due t o t h e v a s t excess 
p r o v i d e d a t t h e a c t i v a t i o n s t e p . T h e r e f o r e seems l i k e l y t h a t by simply 
i n c r e a s i n g t h e amount of(gammaEC)nG a v a i l a b l e a t a c t i v a t i o n , a more 
e f f i c i e n t m a t r i x c o u l d be prepared. However, c o m p l i c a t i o n e x i s t s due t o 
l o s s o f p e p t i d e when t h e m a t r i x i s i n i t i a l l y s t r i p p e d u s i n g o x a l a t e . 
The f i r s t o x a l a t e s t r i p o f t h e m a t r i x b r i n g s about the removal of a 
number o f m o l e cules which were n o t bound d i r e c t l y t o Sepharose, but were 
p o s s i b l y i m m o b i l i s e d as p a r t o f a Cd - (gammaEC)nG complex. S t r i p p i n g 
o f t h e Cd d e s t r o y s t h e complex, t h e r e f o r e leads t o the removal of a 
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s i g n i f i c a n t amount o f p o l y p e p t i d e . I n c r e a s i n g t h e o v e r a l l amount of 
complex i m m o b i l i s e d c o u l d i n c r e a s e t h e s i z e of* t h i s component, and so 
c o u l d t h e o r e t i c a l l y decrease t h e e v e n t u a l amount o f (gammaE.C)nG on the, 
m a t r i x . I t i s n o t known how e f f e c t i v e an i n c r e a s e d amount of 
(gammaEC)nG a t t h e i m m o b i l i s a t i o n s t e p w i l l be. 
Loss o f p e p t i d e s from t h e m a t r i x , as d e s c r i b e d above, i s i l l u s t r a t e d 
i n t h e f i g u r e s o b t a i n e d f o r t h e r e l a t i v e amount o f p e p t i d e molecules 
i n v o l v e d i n t h e c o - o r d i n a t i o n o f Cd and Zn. The r a t i o s produced 
( 4 . 5 : 1 and 3 . 8 : 1 f o r Cd and Zn, r e s p e c t i v e l y ) are u n l i k e l y t o 
r e f l e c t t h e s i t u a t i o n i n v i v o . T h i s a l s o shows t h e importance o f 
o p t i m i s i n g t h e i m m o b i l i s a t i o n procedure w i t h r e s p e c t t o t h e r a t i o o f 
p e p t i d e t o Sepharose. A t a r a t i o where t h e (gammaEC)nG complexes are 
l e a s t d i s r u p t e d and a l l t h e (gammaEC)nG molecules i n a complex are 
i m m o b i l i z e d , t h e amounts o f metal which can b i n d per molecule of p e p t i d e 
s h o u l d be d r a m a t i c a l l y i n c r e a s e d . 
I t has been demonstrated t h a t t h e l o n g e r p e p t i d e forms have a h i g h e r 
a f f i n i t y f o r Cd t h a n do t h e s h o r t e r forms (Murasugi e t a l 1 9 8 8 ) . 
T h e r e f o r e , m a n i p u l a t i o n o f t h e c e l l c u l t u r e s which over-produce the 
p o l y p e p t i d e s t o produce more o f t h e longer forms, may be b e n e f i c i a l . I n 
v i VP m a n i p u l a t i o n o f t h e (gammaEC)nG complex i n c u l t u r e d D. i n n o x i a 
c e l l s has n o t been demonstrated. However, i t would be expected t h a t 
changes i n exposure t o Cd c o u l d a f f e c t t h e p e p t i d e s i n v o l v e d i n complex 
f o r m a t i o n . I t has been shown t h a t v a r i a t i o n o f t h e c o n c e n t r a t i o n o f Cd 
t o which whole tobacco p l a n t s are exposed can a l t e r t he b i n d i n g 
c h a r a c t e r i s t i c s o f t h e p e p t i d e s produced (Reese and Wagner 1 9 8 7 ) . I t 
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has a l s o been shown t h a t supplementing t h e medium w i t h t h e amino a c i d s 
making up t h e p o l y p e p t i d e s w i l l i n c r e a s e t h e i r p r o d u c t i o n - ( B e r g e r e t a l 
1988). 
( b ) Reverse phase HPLC a n a l y s i s o f (gammaEOnG. 
The r e v e r s e phase HPLC p r o f i l e s p resented i n Fi g u r e s 2 and. 3 , g i v e 
d e t a i l s o f t h e p e p t i d e c o n s t i t u e n t o f the G-50 and heat-denatured 
p r e p a r a t i o n s , r e s p e c t i v e l y . - I t i s shown from t he HPLC p r o f i l e s t h a t 
t h e (gammaEC)nG c o n t e n t o f t h e two p r e p a r a t i o n s are q u i t e d i s t i n c t from 
one a n o t h e r , e s p e c i a l l y i n terms o f t h e r e l a t i v e amounts o f (gammaEC)2G 
and (gammaEC)3G. I t has been demonstrated by Murasugi e t a l . t h a t i n S. 
pombe c e l l s , t h e r e i s a d i f f e r e n c e i n t h e r e l a t i v e amounts o f the 
d i f f e r e n t p e p t i d e forms i n v o l v e d i n Cd c h e l a t i o n as compared t o the 
t o t a l c e l l u l a r c o n s t i t u e n t . The G-50 p u r i f i e d m a t e r i a l r e p r e s e n t s o n l y 
t h o s e components which a r e combined i n t o complexes w i t h Cd. I n 
c o n t r a s t , t h e e x t r a c t from t h e crude p r e p a r a t i o n r e p r e s e n t s t o t a l 
c e l l u l a r (gammaEC)nG. The d i f f e r e n c e s seen may, t h e r e f o r e , r e f l e c t t h e 
d i f f e r e n c e between those p o l y p e p t i d e s i n v o l v e d i n Cd c h e l a t i o n and the 
t o t a l c e l l u l a r complement. The two samples were, however, drawn from 
s e p a r a t e c e l l c u l t u r e s . The d i f f e r e n c e seen may a l t e r n a t i v e l y be 
accounted f o r by d i f f e r e n c e s . i n (gammaEC)nG p r o d u c t i o n i n the two 
samples. 
( c ) R e l a t i v e s t a b i l i t y o f i m m o b i l i z e d (gammaEOnG complexes. 
Having i m m o b i l i s e d (gammaEC)nG, i t was i m p o r t a n t t h a t t h e behaviour 
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o f t h e i m m o b i l i s e d complexes c o u l d be r e l a t e d t o t h e i r behaviour i n 
v i v o . To demonstrate t h e b i n d i n g c a p a b i 1 i t i e ^ o f m e t a l - c h e l a t i n g 
m o l e c u l e s , i t i s o f t e n u s e f u l t o demonstrate t he pH o f hal-f 
d i s s o c i a t i o n . T h i s measurement i s o f t e n quoted as a measure o f the 
b i n d i n g a f f i n i t y between molecules and has been demonstrated f o r 




o f h a l f 
d i s s o c i a t i o n 
Weber e t a l Reese e t a l Hayashi e t a l Reese & Wagner 
L987 1987 1987 1987 
5. 71 5.42 43 4.84 5.25 56 5.47 5.78 
Table 1 . Quoted pH's o f h a l f d i s s o c i a t i o n o f Cd from (gammaEC)nG 
complexes. Examples p r e s e n t e d : ( 1 ) Cd-binding p e p t i d e I I i s o l a t e d from 
Euqlena g r a c i l i s , ( t h e s e have a s u l p h i d e component). ( 2 ) Cd-binding 
p e p t i d e I (non S - c o n t a i n i n g ) f r o m S. pombe. ( 3 ) Cd-binding p e p t i d e I I 
( S - c o n t a i n i n g ) f r o m S. pombe. ( 4 ) I n v i t r o - s v n t h e s i s e d (gammaEC)3G. 
( 5 ) I n v i t r o - s v n t h e s i s e d (gammaEC)2G. ( 6 ) Tobacco Cd-binding p r o t e i n 
i s o l a t e d f r o m p l a n t s exposed t o 90 Cd. ( 7 ) Cd-binding p r o t e i n 
i s o l a t e d f r o m c u l t u r e d tobacco c e l l s . ( 8 ) Tobacco Cd-binding p r o t e i n 
i s o l a t e d f r o m p l a n t s exposed t o 3 | J M Cd. 
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The r e s u l t s f o r h a l f d i s s o c i a t i o n o f Cd from i m m o b i l i s e d (gamma EC)nG 
o b t a i n e d i n t h i s s t u d y , a t pH 4 . 9 (see F i g u r e * 4 ) , agree reasonably w e l l 
w i t h p u b l i s h e d r e s u l t s f o r h a l f d i s s o c i a t i o n o f Cd from p e p t i d e 
complexes i n f r e e s o l u t i o n . The f i n d i n g t h a t around 20 % of the 
o r i g i n a l Cd remains bound a t pH 2.8 would r e p r e s e n t a s l i g h t increase i n 
pH s t a b i l i t y o f t h e complex r e l a t i v e t o r e s u l t s o b t a i n e d i n f r e e 
s o l u t i o n . Since b e h a v i o u r o f t h e i m m o b i l i z e d complexes appears s i m i l a r 
t o t h e r e s u l t s o b t a i n e d f o r - t h e u n m o d i f i e d p e p t i d e s , i t i s reasonable t o 
e x t r a p o l a t e t h e r e s u l t s o b t a i n e d i n t h i s study t o c h a r a c t e r i s t i c s o f 
i m m o b i l i z e d (gammaEC)nG i n v i v o . As p r e v i o u s l y mentioned, however, the 
m e t a l - c h e l a t i n g a b i l i t y o f t h e i n i t i a l complex may change c o n s i d e r a b l y 
on p r i m a r y s t r i p p i n g u s i n g o x a l a t e . I n subsequent work, i t i s hoped t o 
c o n f i r m t h a t t h e p e p t i d e s behave i n a s i m i l a r manner a f t e r o x a l a t e 
s t r i p p i n g as b e f o r e , by d e t e r m i n i n g t h e pH o f h a l f d i s s o c i a t i o n o f t h e 
r e c o n s t i u t e d complex. 
( d ) I n i t i a l c h a r a c t e r i z a t i o n o f metal b i n d i n g t o GSH and (gammaEOnG 
m a t r i ces. 
C h a r a c t e r i s a t i o n o f b o t h t h e GSH and (gammaEC)nG m a t r i c e s was f i r s t 
a t t e m p t e d u s i n g t h e b r e a k t h r o u g h method as d e s c r i b e d i n Appendix V. 
T h i s a l l o w e d t h e p a r t i a l c h a r a c t e r i s a t i o n o f the m a t r i c e s as i l l u s t r a t e d 
i n F i g u r e s 4 , 5 and 6 . 
To r a t i o n a l i s e t h e b i n d i n g c h a r a c t e r i s t i c s o f t h e i m m o b i l i s e d 
m o l e c u l e s , a p p a r e n t b i n d i n g c o n s t a n t s were determined (see Results 
S e c t i o n ) . The e q u i l i b r i u m c o n s t a n t s Qmax and K D , which are a p p l i e d t o 
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t h e k i n e t i c s o f enzymic r e a c t i o n s , can be a p p l i e d t o the e q u i l i b r i u m 
which develops between two molecules which have an a f f i n i t y f o r one 
a n o t h e r (Godfrey & R e i c h e l t 1 9 8 3 ) . I n terms o f enzymic r e a c t i o n s , Qmax 
r e p r e s e n t s t h e maximal r a t e o f r e a c t i o n which i s induced i n c o n d i t i o n s 
o f excess s u b s t r a t e . At low s u b s t r a t e c o n c e n t r a t i o n s , t he r e a c t i o n r a t e 
reduces as t h e e q u i l i b r i u m moves away from p r o d u c t f o r m a t i o n , as a 
consequence o f l e s s i n t e r a c t i o n between enzyme and s u b s t r a t e . The value 
KD ( d e f i n e d as t h e s u b s t r a t e c o n c e n t r a t i o n g i v i n g h a l f Qmax) i s used as 
a measure o f t h e a f f i n i t y o f a g i v e n enzyme f o r a g i v e n s u b s t r a t e . The 
lower t h e KD t h e h i g h e r t h e a f f i n i t y o f enzyme f o r s u b s t r a t e . By 
a n a l o g y , i t i s p o s s i b l e t o d e f i n e a t e r m KD as t h e c o n c e n t r a t i o n o f 
metal i o n ( " s u b s t r a t e " ) which w i l l a l l o w h a l f maximal b i n d i n g of metal 
i o n t o t h e a v a i l a b l e b i n d i n g s i t e s on the p e p t i d e s . This i s because the 
s u r r o u n d i n g c o n c e n t r a t i o n o f metal i o n s has a s i m i l a r e f f e c t on the 
amounts bound t o (gammaEC)nG as t h e s u b s t r a t e c o n c e n t r a t i o n has on the 
i n t e r a c t i o n between enzyme and s u b s t r a t e . The amount o f Cd com p l e t e l y 
s a t u r a t i n g a l l o f t h e m e t a l - b i n d i n g s i t e s o f t h e p e p t i d e s can s i m i l a r l y 
be r e f e r r e d t o as Qmax 
A l t h o u g h i t proved p o s s i b l e t o o b t a i n b i n d i n g c o n s t a n t s as shown i n 
t h e r e s u l t s s e c t i o n u s i n g t h e b r e a k t h r o u g h method, s e v e r a l f a c t o r s l e d 
t o t h e c o n c l u s i o n t h a t t h e r e was a c e r t a i n amount o f inaccuracy i n the 
method. I t was noted t h a t t h e c o n c e n t r a t i o n a t breakthrough was not the 
same as t h a t i n t h e fe e d s t r e a m , as i s c l e a r l y n o t i c e a b l e i n Figure 13. 
I n p r a c t i c e , t h e c o n c e n t r a t i o n o f t h e feedstream was g e n e r a l l y not 
a c h i e v e d u n t i l t h e passage o f up t o 20 ml o f the metal i o n s o l u t i o n i n 
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excess o f b r e a k t h r o u g h , dependant on t h e c o n c e n t r a t i o n e n t e r i n g t he 
m a t r i x . T h i s suggested t h a t a t t h e time o f bre a k t h r o u g h , .the system had 
n o t a c h i e v e d e q u i l i b r i u m , and t h a t t h e t i m e taken t o come.to an 
e q u i l i b r i u m would d i f f e r f rom one l o a d i n g c o n c e n t r a t i o n t o another. I n 
a d d i t i o n t o t h i s , an e x p e r i m e n t was designed t o determine whether t h e 
f l o w r a t e c o u l d a f f e c t t h e amount o f Cd b i n d i n g (see S e c t i o n h ) , which 
suggested t h a t v a r i a t i o n i n f l o w r a t e c o u l d i n t r o d u c e i n a c c u r a c i e s t o 
t h e t e s t . 
I n a d d i t i o n t o t h e problem o f t h e f l o w r a t e a f f e c t i n g t h e c a l c u l a t i o n 
o f Ko and Qmax v a l u e s , i t was noted t h a t a nother f a c t o r , which c o u l d not 
be a t t r i b u t e d t o t h e methods used i n t h e experiment, was b r i n g i n g about 
s l i g h t e r r o r s i n some o f t h e r e s u l t s o b t a i n e d (see F i g u r e 14 f o r 
subsequent t e s t i n g o f t h i s h y p o t h e s i s ) . I t was con s i d e r e d p o s s i b l e t h a t 
changing t e m p e r a t u r e may have an e f f e c t i n d e t e r m i n i n g how much metal 
would b i n d and t h a t t h i s may lead t o s l i g h t e r r o r s i n the i n i t i a l 
c a l c u l a t i o n s made. Thus, a l t h o u g h t h e r e s u l t s o b t a i n e d were u s e f u l i n 
d e s c r i b i n g t h e a b i l i t y o f i m m o b i l i z e d (gammaEC)nG t o remove metals from 
s o l u t i o n , t h e data o b t a i n e d were n o t c o n s i d e r e d an ac c u r a t e r e f l e c t i o n 
o f t h e b i n d i n g c h a r a c t e r i s t i c s o f t h e p e p t i d e s i n v i v o . 
( e ) The use o f m a t r i x suspensions f o r c h a r a c t e r i z a t i o n o f 
(qammaEC)n G . 
For t h e reasons o u t l i n e d above, i t was decided t o adopt an 
a l t e r n a t i v e approach t o c a l c u l a t i o n o f KD and Qmax values. The second 
approach, o u t l i n e d i n Appendix V, was t o use suspensions o f m a t r i x i n 
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v a r y i n g metal c o n c e n t r a t i o n s . T h i s a l l o w e d a m e l i o r a t i o n o f any f l o w 
r a t e e f f e c t by a l l o w i n g e q u i l i b r i a t o develop "in a c o n s t a n t environment. 
The p e r c e i v e d problem o f changing t e m p e r a t u r e was avoided .by i n c u b a t i o n 
o f t h e suspensions a t a c o n s t a n t t e m p e r a t u r e o f 3 7 °C. Only the heat 
d e n a t u r e d p e p t i d e m a t r i x was used i n these t e s t s . 
The r e s u l t s p r e s e n t e d f r o m t h i s d a t a show t h a t t h e p e p t i d e s i s o l a t e d 
f r o m D. i n n o x i a c e l l s have an apparent KD and Qmax f o r Zn o f 2.8 | J M and 
3 1 5 nM m g - r e s p e c t i v e l y . I t i s c l e a r l y shown t h a t t he a f f i n i t y o f the 
p e p t i d e s f o r Cd i s v e r y much h i g h e r f o r . Cd than f o r Zn, w i t h an apparent 
KD v a l u e o f l e s s t h a n 0 . 5 )JM. The v a l u e KD f o r Cd may be lower than 0 . 5 
f o r two reasons. F i r s t l y , e x a m i n a t i o n o f t h e graph showing f o r m a t i o n 
o f t h e complex ( F i g u r e 1 0 ) demonstrates t h a t a f t e r 2 h. i t cannot be 
c e r t a i n t h a t complete e q u i l i b r i u m has been reached, due t o the d i s p a r i t y 
between t h e cu r v e s a t 1 h. and 2 h. Secondly, t he lower l i m i t of 
a c c u r a t e d e t e c t i o n o f Cd u s i n g atomic a b s o r p t i o n spectrophotometry i s 
around 0 . 5 )JM. Since s m a l l e r r p r s i n d e t e c t i o n can be i n f l a t e d by 
subsequent t r e a t m e n t o f d a t a , i t i s e s s e n t i a l t h a t t he method used i s 
a c c u r a t e . F i n a l c o n f i r m a t i o n o f t h e KD v a l u e f o r Cd w i l l t h e r e f o r e 
depend on t h e use o f a more a c c u r a t e method o f a n a l y s i s . The use o f 
i s o t o p e l a b e l l i n g and subsequent d e t e c t i o n by l i q u i d s c i n t i l l a t i o n 
c o u n t i n g i s t h e most s e n s i t i v e method f o r t r a c e metal a n a l y s i s , and may 
be u s e f u l i n subsequent ex p e r i m e n t s i f t h e KD v a l u e i s t o be a c c u r a t e l y 
measured. 
The Qmax v a l u e f o r Cd i s lower than t h a t f o r Zn. This suggests t h a t 
some s i t e s a re a v a i l a b l e on t h e (gammaEC)nG molecule f o r Zn 
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s e q u e s t r a t i o n than are a v a i l a b l e t o Cd. The major s i t e f o r metal i o n 
b i n d i n g t o these molecules i s w e l l e s t a b l i s h e d as the t h i o l groups o f 
t h e c y s t e i n e r e s i d u e s . I t has been shown, however, t h a t metal ions w i l l 
b i n d t o o t h e r s i t e s on GSH ( P e r r i n & Watt 1971). I t i s p o s s i b l e , 
t h e r e f o r e , t h a t Zn has access t o such s i t e s on the (gammaEC)nG molecule, 
f r o m which Cd i s e x c l u d e d . A f f i n i t y f o r these s i t e s would be 
c o n s i d e r a b l y l e s s t h a n f o r t h e t h i o l groups. 
Given t h e v e r y h i g h a f f i n i t y o f (gammaEC)nG f o r Cd, i t i s d i f f i c u l t 
t o e x p l a i n t h e slowness o f complex f o r m a t i o n . T h i s may be r e l a t e d t o 
t h e a c c e s s i b i l i t y o f t h e b i n d i n g s i t e , though r e p i t i t i o n o f the 
e x p e r i m e n t i s r e q u i r e d t o c o n f i r m t h i s r e s u l t , p o s s i b l y u t i l i z i n g more 
a c c u r a t e methods o f a n a l y s i s . 
( f ) I m p l i c a t i o n s o f Zn b i n d i n g d a t a . 
The f i n d i n g t h a t t h e s e p e p t i d e s are capable o f b i n d i n g Zn i s o f 
i n t e r e s t i n d e t e r m i n i n g a p o s s i b l e c o n s t i t u t i v e r o l e f o r (gammaEC)nG i n 
p l a n t c e l l s . As mentioned i n t h e i n t r o d u c t i o n , i t has been p o s t u l a t e d 
t h a t (gammaEOnG may be i n v o l v e d i n Zn homeostasis by a c t i n g as a 
s t o r a g e pool f o r t h e m e t a l . Zn, however, has n o t been demonstrated t o 
be a s s o c i a t e d w i t h t h e p e p t i d e s i n v i v o . A l t h o u g h t h i s experiment shows 
t h a t b i n d i n g t o Zn does oc c u r , t h e h i g h KD v a l u e would suggest t h a t t h i s 
r o l e i n Zn homeostasis may n o t be l i k e l y . The c h e l a t e d Zn would be too 
r e a d i l y g i v e n up by t h e p e p t i d e s i n response t o moderately low Zn 
c o n c e n t r a t i o n s o r t o t h e many molecules i n the c e l l w i t h h i g h e r 
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a f f i n i t i e s . 
0 
( g ) I n v e s t i g a t i o n o f t h e e f f e c t o f s u l p h i d e on Cd c h e l a t i o n . 
Several o f t h e Cd - (gammaEOnG complexes i s o l a t e d have been shown t o 
have a s u l p h i d e component, which, when compared t o a non s u l p h i d e -
c o n t a i n i n g complex from t h e same organism, i s found t o b i n d Cd more 
s t r o n g l y . T h i s prompted t h e experiment t o i n v e s t i g a t e whether s u l p h i d e 
c o u l d be i n c o r p o r a t e d i n t o t-he i m m o b i l i s e d complex i n v i t r o . Reduced 
S, i n t h e f o r m o f Na s u l p h i d e was added t o the suspensions. This was 
added a t a c o n c e n t r a t i o n t w i c e t h a t o f the Cd i n each suspension s i n c e 
t h e r a t i o o f s u l p i d e t o Cd i n t h e S. pombe c e l l s was shown t o be 2.4 : 
1. The r e s u l t s p r e s e n t e d i n F i g u r e 15 show c l e a r l y t h a t s u l p h i d e i s 
e x t r e m e l y e f f e c t i v e i n i n c r e a s i n g c h e l a t i o n o f Cd, not o n l y by the 
i m m o b i l i s e d p e p t i d e s , b u t a l s o by t h e Sepharose i t s e l f . T h i s i n d i c a t e s 
t h a t s u l p h i d e , as a component o f a complex would in c r e a s e the a f f i n i t y 
o f t h e complex f o r Cd. However, due t o i n t e r f e r e n c e caused by b i n d i n g 
t o Sepharose, i n t h i s e x p e r i m e n t i t was n o t p o s s i b l e t o p r o v i d e evidence 
o f r e c o n s t i t u t i o n o f such complexes. 
( h ) Metal d e t o x i f i c a t i o n u s i n g i m m o b i l i s e d (gammaEC)nG. 
The r e s u l t s p r e s e n t e d have, i m p l i c a t i o n s f o r t h e p o s s i b l e use of 
i m m o b i l i s e d (gammaEC)nG i n d e t o x i f i c a t i o n o f water p o l l u t e d w i t h t o x i c 
t r a c e m e t a l s . F i r s t y , i t i s shown t h a t t h e i m m o b i l i z e d p o l y p e p t i d e s 
w i l l remove metal i o n s f r o m s o l u t i o n s c o n t a i n i n g d i s s o l v e d metal s a l t s . 
The p r e l i m i n a r y r e s u l t s produced by r u n n i n g m e t a l - c o n t a i n i n g s o l u t i o n s 
75 
t h r o u g h t h e a f f i n i t y m a t r i c e s shows t h a t both Cd and Zn are e f f e c t i v e l y 
removed f r o m s o l u t i o n . C u -binding was a l s o d ^ o n s t r a t e d by these t e s t s . 
The more d e t a i l e d a n a l y s i s o f t h e b i n d i n g a f f i n i t i e s o f tKe immobilised 
p o l y p e p t i d e s u s i n g suspensions o f m a t r i x , demonstrated t h a t a t low 
c o n c e n t r a t i o n s o f metal i o n s , Cd w i l l be more e f f e c t i v e l y removed than 
Zn. The r e s u l t s i n d i c a t e , however, t h a t t h e m a t r i c e s have a h i g h e r 
c a p a c i t y f o r Zn, and t h a t Zn complexes w i l l tend t o form more r a p i d l y 
t h a n Cd complexes. 
The f a c t t h a t i n c r e a s i n g f l o w r a t e has t h e e f f e c t of i n c r e a s i n g the 
amount o f metal b i n d i n g t o i m m o b i l i z e d (gammaEC)nG ( F i g u r e 8 ) , i s of 
i n t e r e s t i f p o l l u t e d waste streams were t o be c l e a r e d by passing through 
m a t r i x c o n t a i n i n g (gammaEC)nG. The r e s u l t o f t h i s experiment was 
s u r p r i s i n g s i n c e i t was expected t h a t decreased residence time i n the 
m a t r i x would l e a d t o a decrease i n b i n d i n g as has been noted f o r 
i m m o b i l i s e d enzymes and b a c t e r i a (Macaskie e t a l 1988). I t i s l i k e l y 
t h a t t h e i n c r e a s e d f l o w r a t e has t h e e f f e c t o f "pushing" a g r e a t e r 
amount o f metal i o n s i n t o t h e system, i n c r e a s i n g t h e c o n c e n t r a t i o n o f 
metal s u r r o u n d i n g t h e p e p t i d e s , t h e r e f o r e l e a d i n g t o increased b i n d i n g . 
T h i s f i n d i n g i s o f importance i n terms o f u s i n g the m a t r i x as a metal 
d e t o x i f i c a t i o n system s i n c e t h e h i g h e r t h e f l o w r a t e s achieved, the more 
e f f i c i e n t l y t h e system can be o p e r a t e d . T h i s w i l l o b v i o u s l y be r e l a t e d 
t o t h e f l o w r a t e s which can be m a i n t a i n e d by t h e s u p p o r t i n g medium. I n 
t h i s case, Sepharose, which i s r e l a t i v e l y d e l i c a t e cannot suppor t f l o w 
r a t e s which are l i k e l y t o be r e q u i r e d on an i n d u s t r i a l s c a l e . However, 
o t h e r s u p p o r t i n g media are a v a i l a b l e and i t i s hoped t h a t these w i l l be 
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t e s t e d i n t h e f u t u r e f o r t h e i r e f f e c t i v e n e s s i n a l l o w i n g nietal i o n 
c h e l a t i o n by i m m o b i l i z e d (gammaEC)n 
The i m m o b i l i s e d (gammaEC)nG are capable o f c h e l a t i n g Cd-and Zn from 
c o n t a m i n a t e d feedstreams. T h e r e f o r e i t was necessary t o f i n d out 
whether t h e m a t r i c e s would remain s t a b l e t h r o u g h a number o f c y c l e s o f 
b i n d i n g m e t a l s and a c i d s t r i p p i n g . F i g u r e 13 i s a demonstration t h a t 
t h e m a t r i x remains s t a b l e over a s e r i e s o f l o a d i n g and s t r i p p i n g . I n 
p r a c t i c e t h e m a t r i x was loaded and s t r i p p e d f o r both Zn and Cd many 
t i m e s w i t h no d e t e c t a b l e l o s s i n c a p a c i t y 
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IV SUMMARY AND FUTURE WORK 
1. S y n t h e t i c metal r e s i s t a n c e genes. 
The work i n v o l v i n g S y n t h e t i c metal r e s i s t a n c e genes i n d i c a t e d t h a t 
t h e system used d i d not c o n f e r metal r e s i s t a n c e on t h e host c e l l . 
F u r t h e r experiments are planned i n a t t e m p t i n g t o engineer f o r metal 
r e s i s t a n c e : 
1. The plasmids c o n t a i n i n g t h e s y n t h e t i c gene w i l l be sequenced i n order 
t o d e t e r m i n e whether t h e i n s e r t i s i n t h e c o r r e c t o r i e n t a t i o n . 
2. pho r e g u l o n p r o d u c t s w i l l be r a d i o l a b e l l e d w i t h 253, and the 
p e r i p l a s m i c shock p r o t e i n s i s o l a t e d and screened f o r t he SG product. 
3. A new host organism w i l l be used i'n f u r t h e r e x p e r i m e n t s t o c l o n e f o r 
metal r e s i s t a n c e . S. pombe mutants which are more l i k e l y t o be able t o 
deal w i t h t h e s y n t h e t i c gene p r o d u c t may be used. 
4 . I t i s p o s s i b l e t h a t p r o k a r y o t i c metal r e g u l a t o r y elements w i l l be 
i s o l a t e d i n t h e f u t u r e . I f so, these w i l l be u t i l i s e d t o attempt t o 
eng i n e e r f o r metal r e s i s t a n c e i n b a c t e r i a . 
2. Metal a f f i n i t y m a t r i c e s . 
The r e s u l t s o b t a i n e d i n t h i s work i n d i c a t e t h a t i m m o b i l i z a t i o n o f 
(gammaEOnG f o r t h e c l e a r a n c e o f metal contaminated wastes may be 
f e a s i b l e . Furthermore, t h e method used a l l o w s t h e d e t e r m i n a t i o n o f 
b i n d i n g c h a r a c t e r i s t i c s o f t h e im m o b i l i z e d molecules. This data showed 
t h a t t h e i m m o b i l i z e d p e p t i d e s have a very h i g h a f f i n i t y f o r Cd (KD < 
0.5) and a l s o t h a t (gammaEC)nG can c o - o r d i n a t e Zn, w i t h a KD o f 2.8. 
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More work i s planned t o b e t t e r c h a r a c t e r i z e t he metal a f f i n i t i e s o f 
(gammaEOnG, and t o improve metal removing a b i l i t y by the bound 
p e p t i d e s . .This may i n c l u d e : 
1 . The use o f more s e n s i t i v e methods t o determine p r e c i s e b i n d i n g 
c o n s t a n t s f o r m e t a l s which b i n d t o (gammaEC)nG. 
2. M a x i m i z i n g t h e amount o f p e p t i d e bound t o t h e s u p p o r t . 
3 . A t t e m p t i n g t o e s t a b l i s h whether t h e p e p t i d e s can be made i o n - s p e c i f i c 
by r e t a i n i n g a p a r t i c u l a r c o n f o r m a t i o n on i m m o b i l i z a t i o n . 
4. The use o f d i f f e r e n t t y p e s o f s u p p o r t t o maximize t he amount of 
(gammaEC)nG i m m o b i l i z e d , and t o improve t h e a p p l i c a b i l i t y o f the system 
t o waste t r e a t m e n t . 
5 . D e t e r m i n i n g t h e r e s i s t a n c e o f t h e molecules t o d e g r a d a t i o n by 
p r o t e o l y s i s. 
6. A n a l y s i s o f t h e pH o f h a l f d i s s o c i a t i o n o f r e c o n s t i t u t e d complexes. 
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APPENDIX I 
C o n s t r u c t i o n of t h e p l a s m i d pHI-28-SG 
P l a s m i d pHI-28-SG was c o n s t r u c t e d by P.Lee ( H a r v a r d , u n p u b l i s h e d 
r e s u l t s ) . The Pvu I I r e s t r i c t i o n fragment from pHI 7 ( c o n t a i n i n g the 
phoA promoter, s i g n a l sequence and 185 amino a c i d s of the s t r u c t u r a l 











T h i s i n t e r m e d i a t e was t h e n d i g e s t e d w i t h Msp I . which has a s i t e j u s t 
i n s i d e t h e phoA s t r u c t u r a l gene, and the d i g e s t was " f i l l e d i n " u s i n g 
DNA p o l y m e r a s e I . T h i s g e n e r a t e s a p o p u l a t i o n of fragments, a l l of 
w h i c h a r e b l u n t - e n d e d . Eco RI d i g e s t i o n of t h i s group of fragments 
g e n e r a t e s a phoA / phoAss fragment which has one b l u n t end and one Eco 
RJ.-generated s i n g l e - s t r a n d e d , end. A v e c t o r was c r e a t e d f o r the 
s e l e c t i v e l i g a t i o n of t h e s e f r a g m e n t s by d i g e s t i o n of pBR322 wi t h Bam 
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HI. f o l l o w e d by f i l l i n g u s i n g DNA pol I , and r e - d i g e s t i o n u s i n g Eco R I . 
The f r a g m e n t was l i g a t e d i n t o g i v e p l a s m i d pHI-25. The kanamycin 
r e s i s t a n c e gene from t r a n s p o s o n Tn 5 was c l o n e d i n t o pHI ^5, and f u r t h e r 
m a n i p u l a t i o n done t o g e n e r a t e a Bam HI r e s t r i c t i o n s i t e a d j a c e n t to the 
phoAss r e g i o n . 
S ubsequent c l o n i n g o f t h e s y n t h e t i c gene i n t o t h i s s i t e d e s t r o y s the 
Bam HI s i t e and p u t s t h e gene under c o n t r o l of the phoA promoter. The 
p r o d u c t has t h e phoA s i g n a l sequence a t i t s amino t e r m i n u s 
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APPENDIX I I 
Photograph I . RNA fannaldehyde g e l . Two d i s t i n c t ribosomal RNA 
bands a r e v i s i b l e . Four g e l s such a s t h i s were used f o r n o r t h e r n 
b l o t t i n g , and t h e b l o t s probed as e x p l a i n e d i n the t e x t . The 
r u n n i n g o r d e r of t h e g e l i s : ( l e f t t o r i g h t ) pHI-28-SG 17, 19, 
22, 7, 23, 11, 1, 2, 3 and 9. 
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APPFNDIX I I ( C O n t . ) 
P h o t o g r a p h 11 u s i ng 
and 1 
pHI-28-SG C l o n e s , r e s t r i c t e d 
e n d o n u c l e a s e . A l l c l o n e s e x c e p t 2 ( c o n t r o l ) 
DNA r e a r r a n g e m e n t ) were r e s t r i c t e d . The r u n n i n g 
t h e g e l i s ( rigtjttoleft ) pHI-28-SG 17, 19 
23, 11, 1, 2, 3 and 9. 
Bam HI 
( p o s s i b l e 
o r d e r o f 
22, 7, 14, 
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APPENDIX I I I 
C l o n e Cd C o n c e n t r a t i o n ()JM) 
10 
1 7x10 - 3 6x10- 3 7.6x10 -3 
2x10 - 3 1.4x10 -3 2.8x10 - 3 
2 8.5x10 - 3 5.6x10 - 3 8x10 - 3 
7.1x10-'* 3.2x10 - 3 3.5x10 - 3 
1 1 9x10 - 3 7.6x10 - 3 6x10 - 3 
1x10 - 3 1.5x10 -3 1.7x10 -3 
23 8x10 - 3 8.6x10 - 3 9.3x10 -3 
2x10 - 3 2.1x10 - 3 5.7x10 - 3 
1 0. 146 0.039 0 
8.1x10 - 3 7x10 - 3 0 
2 0. 156 0.053 0 
5.6x10 - 3 8.1x10 - 3 0 
1 1 0. 150 0.049 0 
3x10 - 3 8.6x10 - 3 0 
23 0.151 0.059 0 
6.6x10 - 3 7x10 - 3 0 
T a b l e A1. Growth o f c l o n e s pHI-28-SG 1, 2, 11 and 23 
i n 0, 5 and 10 uM Cd. S m a l l e r i n o c u l a were used i n 
t h i s e x p e r i m e n t ' t o i n i t i a t e growth ( s e e m a t e r i a l s and 
methods f o r d e t a i l s ) . Data g i v e n above r e f e r t o Aeoo 
a t 0 h ( a b o v e ) , and a t 12 h ( b e l o w ) . The r e s u l t s show 
t h a t d e c r e a s i n g t h e inoculum has a d e t r i m e n t a l e f f e c t on 
t h e a b i l i t y o f t h e c e l l s t o s u r v i v e i n Cd. No d i f f e r e n c e 
was o b s e r v e d i n Cd t o l e r a n c e of t he c e l l s t e s t e d . 
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APPENDIX I I I ( c o n t . ) 
C l o n e 
0 1 2 5 
1 0.026 0.028 0.029 0.028 
0.5x10 - 3 0.001 0.001 0.001 
2 0.036 0.036 0.04 0.035 
0.002 0.003 0.005 0.002 
1 1 0.032 0.031 0.033 0.035 
0.001 0.001 0.002 0.002 
14 0.032 0.033 0.036 0.035 
0.003 0.005 0.002 0.002 
17 ^ 0.03 0.032 0.026 0.028 
0.003 0.001 0.006 0. 001 
22 0.031 0.026 0.025 0.028 
0.014 0.008 0.008 0.008 
23 0.033 0.028 0.031 0.032 
0. 002 0.002 0.002 0.01 
3 0.036 0.033 0.037 0.034 
0.001 0.006 0.006 0 
7 0.037 0.037 0.036 0.037 
0.003 0 0.001 0.005 
19 0.041 0.034 0.049 0.038 
0.002 0 0.002 0 
9 0.038 0.04 0.043 0.037 
0 0 0.001 0.005 
T a b l e A l l . Growth of a l l pHI-28-SG c l o n e s i n 0, 1, 2 and 
5 uM Cd. Growth was i n i t i a t e d from log-phase c e l l s 
a r t e r 4 h. growth i n 2J<L medium. Measurements shown a r e 
a t 0 h ( a b o v e ) and 12 h ( o p p o s i t e ) . E x p e r i m e n t s were 
performed a s o u t l i n e d i n m a t e r i a l s and methods. 
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The D i t h i z o n e A s s a y . 
D i t h i z b n e ( D i p h e n y l t h i o c a r b a z o n e ) was f i r s t p r e p a r e d i n 1878 ( F i s c h e r 
1 8 7 8 ) , and has been used e x t e n s i v e l y i n v a r i o u s s i t u a t i o n s where 
d e t e c t i o n o f t r a c e amounts o f metal i s r e q u i r e d . I t i s o b t a i n e d as a 
v i o l e t - b l a c k s o l i d (Sigma Chemical Co.) which, i s s o l u b l e i n most 
o r g a n i c s o l v e n t s but i s a l m o s t c o m p l e t e l y i n s o l u b l e i n n e u t r a l or a c i d i c 
aqueous s o l u t i o n s . Two s o l v e n t s , c h l o r o f o r m and carbon t e t r a c h l o r i d e , 
have been used a l m o s t e x c l u s i v e l y i n the p r e p a r a t i o n of d i t h i z o n e 
s o l u t i o n s f o r t h e d e t e c t i o n of t r a c e amounts of m e t a l s . 
D e t e c t i o n of t r a c e m e t a l s u s i n g d i t h i z o n e i s dependant on the c o l o u r 
change brought about by c o m p l e x i n g o f the m o l e c u l e w i t h metal i o n s i n 
s o l u t i o n . I n b a s i c aqueous s o l u t i o n s , d i t h i z o n e d i s s o l v e s t o g i v e a 
y e l l o w / o r a n g e c o l o u r whereas d i l u t e o r g a n i c s o l u t i o n s tend to be 
d i c h r o i c ( r e d i n t r a n s m i t t e d l i g h t , green i n r e f l e c t e d l i g h t ) . 
I n t e r f e r e n c e by a wide range of m e t a l s ( e . g . Mn, Fe, Co, Ni , Cu, Zn, Pb, 
Ag, Cd, Au and Hg) w i l l , under a p p r o p r i a t e c o n d i t i o n s , a l t e r the 
c o n f o r m a t i o n of t h e m o l e c u l e and so produce a c o l o r i m e t r i c r e a c t i o n . 
The s t r u c t u r e o f d i t h i z o n e i s shown i n F i g u r e 1. When complexed w i t h 
a p a r t i c u l a r metal i o n , i t c a n e x i s t i n two t a u t o m e r i c forms, keto and 
e n o l . The e n o l form o f t h e Z n - d i t h i z o n a t e complex i s shown as an example 
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A wide range o f methods have been developed f o r t h e use of 
d i t h i z o n e i n t r a c e metal a n a l y s i s ( S a n d e l l 1959). Although these can 
a l l o w d e t e c t i o n o f minute t r a c e s o f v a r i o u s m e t a l s , they were considered 
t o be t o o complex and t i m e consuming f o r t h e p r e s e n t work. The use of 
d i t h i z o n e was t h e r e f o r e approached from t h e s t a n d p o i n t o f s i m p l i f y i n g 
i t s use and d e v e l o p i n g i t f o r use w i t h t h e a v a i l a b l e m i c r o t i t r e p l a t e 
r e a d e r (The p l a t e reader was from Flow L a b o r a t o r i e s , the p l a t e s from 
Becton D i c k i n s o n Labware). The two s o l v e n t s most o f t e n used w i t h 
d i t h i z o n e , c h l o r o f o r m and carbon t e t r a c h l o r i d e , were not s u i t a b l e f o r 
use i n t h e s e t e s t s because t h e y d i s s o l v e d t h e p o l y s t y r e n e o f t h e 
m i c r o t i t r e p l a t e s . The f i s t s t e p was, t h e r e f o r e , t o choose a s u i t a b l e 
s o l v e n t which would a l l o w r e a c t i o n w i t h t h e metals t o be t e s t e d (Cd, Cu 
and Zn). A c e t o n i t r i l e was s e l e c t e d as t h i s d i d not damage the p l a t e s 
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and a l l o w e d adequate d i s s o l u t i o n o f d i t h i z o n e . I n a d d i t i o n d i t h i z o n e was 
fou n d t o d i s s o l v e a d e q u a t e l y i n 1 M NaOH and t h i s was a l s o t e s t e d . 
S o l u t i o n s o f each o f t h e metals t o be t e s t e d (200 ^M) were added t o 
what was c o n s i d e r e d a reasonable c o n c e n t r a t i o n o f d i t h i z o n e 
(500 ml"'' ) and t h e s o l u t i o n s m o n i t o r e d f o r maximal c o l o u r change. 
D i t h i z o n e was fo u n d t o r e a c t s t r o n g l y w i t h Cd when d i s s o l v e d i n NaOH but 
d i d n o t r e a c t w i t h Cu o r 2n. S i m i l a r l y , t h e r e was a s t r o n g c o l o u r 
r e a c t i o n between d i t h i z o n e d i s s o l v e d i n a c e t o n i t r i l e and both Cu and Zn 
bu t n o t w i t h Cd. I n i t i a l t e s t s w i t h lower m o l a r i t i e s o f the t h r e e 
m e t a l s i n d i c a t e d t h a t a 2:1 mix o f t e s t s o l u t i o n t o d i t h i z o n e produced 
b e s t r e s u l t s a t t h i s c o n c e n t r a t i o n o f d i t h i z o n e and t h i s c o n v e n t i o n was 
adopted t h r o u g h o u t t h e r e s t o f t h e experiments ( r e s u l t s not shown). 
I n o r d e r t o d e t e r m i n e t h e maximal absorbance wavelength o f each o f 
t h e metal d i t h i z o n a t e s , 1 ml o f t h e r e a c t e d s o l u t i o n was placed i n a 
c u v e t t e and t h e absorbance spectrum read i n comparison w i t h a d i s t i l l e d 
w a t e r / d i t h i z o n e b l a n k . The s p e c t r a o b t a i n e d are presented as Figures A1, 
A2 and A3. Based on these p r o f i l e s (and t h e wavelengths a v a i l a b l e on 
t h e p l a t e - r e a d e r ) , Cd and Zn were read a t 540 nm, and Cu a t 620 nm. 
The n e x t s t a g e was t o dete r m i n e a c o n c e n t r a t i o n o f d i t h i z o n e which 
a l l o w e d maximal d e t e c t i o n l e v e l s and produced a l i n e a r p l o t over a 
re a s o n a b l e range o f metal c o n c e n t r a t i o n s . T h i s was done s i m p l y by 
c r e a t i n g a s e r i e s o f c a l i b r a t i o n curves u s i n g c o n c e n t r a t i o n s from 
10 ^g ml-1 t o 500 ug m l " ^ d i t h i z o n e . These are presented as Figures A4, 
A5 and A6. 
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Fi gure A1. 
Fi gures A1, A2 and A3. The absorbance s p e c t r a f o r Cd (A1), 
Zn (A2) and Cu (A3) r e a c t i n g w i t h d i t h i z o n e . Measurements 
were made as e x p l a i n e d i n t h e t e x t . 
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F i g u r e s A4. A5 and A6. C a l i b r a t i o n curves f o r t h e c o l o u r 
r e a c t i o n o f d i t h i z o n e w i t h Cd, Zn and Cu r e s p e c t i v e l y . 
The graphs show t h e r e a c t i o n o f d i t h i z o n e a t a v a r i e t y 
o f c o n c e n t r a t i o n s w i t h a s e r i e s o f standards o f t h e t h r e e 
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F i g u r e A5 
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.55. 
11 10 ug/Ml 
D 100ug/Hl 
0 500ug/«l 
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APPENDIX V. 
Treatment o f d a t a f r o m a f f i n i t y m a t r i c e s . 
1•Column d a t a . 
Data f r o m m e t a l - a f f i n i t y columns was generated by r e c o r d i n g t he 
volume o f a g i v e n m e t a l - c o n t a i n i n g s o l u t i o n p a s s i n g t h r o u g h a column 
b e f o r e b r e a k t h r o u g h o f t h e metal i o n o c c u r r e d . Knowing the 
c o n c e n t r a t i o n o f t h e feed s o l u t i o n , i t was then p o s s i b l e t o c a l c u l a t e 
t h e amount b i n d i n g t o t h e m a t r i x . For example, i f a feed s o l u t i o n o f 10 
uM Cd breaks though a m a t r i x a f t e r t h e passage o f 100 ml, t h e amount 
bound t o t h e m a t r i x must be 1 jjMole. S u b t r a c t i o n o f the values o b t a i n e d 
f o r t h e c o n t r o l m a t r i x f r o m those o b t a i n e d f o r t h e p e p t i d e / g l u t a t h i o n e 
m a t r i x gave t h e amounts bound t o p e p t i d e s / g l u t a t h i o n e . I f t h i s i s 
p e r f o r m e d f o r a s e r i e s o f c o n c e n t r a t i o n s o f metal i o n , t h e amounts bound 
can be graphed as i n t h e r e s u l t s s e c t i o n . Values were a d j u s t e d t o giv e 
amounts bound per g o f m a t r i x . A l s o , knowing t h e amounts of p e p t i d e or 
g l u t a t h i o n e bound per g, t h i s v a l u e was used t o c a l c u l a t e t he amounts o f 
metal bound per mg o f p e p t i d e o r g l u t a t h i o n e . 
Values c a l c u l a t e d f o r Cd-binding t o t h e h e a t - d e n a t u r a t i o n - p u r i f i e d 
p e p t i d e s were as shown below. 
106 
Cd cone. volume t o b r e a k t h r o u g h Di f f e r e n c e Amount bound*/g Amt.Bound/mg 
i n f e e d c o n t r o l p e p t i de m a t r i X Peptide* 
(ml ) (ml ) (ml ) (ml ) (nM) (nM) 
25 116 172 56 280 167.6 
1 0 218 360 142 284 1 70 
5 374 602 228 228 136.5 
1 1214 1862 698 1 30 77.8 
(* Amount bound t o p e p t i d e s ; * i n mg e q u i v a l e n t s o f GSH) 
Suspension t e s t s . 
Data f r o m suspension t e s t s was t r e a t e d as f o l l o w s . The amount bound 
t o t h e a l i q u o t o f m a t r i x was determined by c e n t r i f u g i n g t he m a t r i x from 
s uspension and measuring t h e amount o f t h e metal i o n remaining i n 
s o l u t i o n . Since 200 y^ of a t o t a l volume o f 4.4 ml c o n t a i n i n g 0.8 g of 
m a t r i x was added t o each t e s t , t h e value o b t a i n e d was m u l t i p l i e d by 27.5 
t o g i v e t h e amount bound per g o f m a t r i x . 
The r e s u l t s o b t a i n e d were p l o t t e d as nMoles bound per g o f m a t r i x 
a g a i n s t e x t e r n a l Cd c o n c e n t r a t i o n ( t h e amount remaining i n s o l u t i o n 
a f t e r t h e removal o f t h e m a t r i x ) . An example of t h i s p l o t i s shown i n 
F i g u r e s A1, A2 and A3. I n p r a c t i c e a l a r g e - s c a l e graph was made and 
t h i s used t o measure t h e d i f f e r e n c e between the c o n t r o l and p e p t i d e 
m a t r i c e s . The v a l u e o b t a i n e d , r e p r e s e n t i n g t h e amount bound t o p e p t i d e s 
per g o f m a t r i x , were m u l t i p l i e d by 1.67 as above t o g i v e the amount of 
metal bound per mg o f p e p t i d e . 
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• Cd concn. (^ i.H) 
F i g u r e A7 
F i g u r e s A7. A8 and A9. Cd removal by c o n t r o l - and (gammaEC)nG-
m a t r i c e s a t t i m e s 15 min ( A 7 ) , 1 h (AS) and 2 h (A 9 ) . S u b t r a c t i o n 
o f t h e amount b i n d i n g to. t h e c o n t r o l m a t r i x from t h a t b i n d i n g t o 
th e (gammaEC)nG m a t r i x g i v e s t h e t o t a l amount bound t o (gammaEC)nG 
mo l e c u l e s . Graphs l i k e t h e s e were used t o c o n s t r u c t Figures 
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F i g u r e A9. 
